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ABSTRACT
Starlight that becomes linearly polarized by magnetically aligned dust grains
provides a viable diagnostic of the interstellar magnetic field (ISMF). A survey
is underway to map the local ISMF using data collected at eight observatories in
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both hemispheres. Two approaches are used to obtain the magnetic structure:
statistically evaluating magnetic field directions traced by multiple polarization
position angles, and least-squares fits that provide the dipole component of the
magnetic field. We find that the magnetic field in the circumheliospheric inter-
stellar medium (CHM), which drives winds of interstellar gas and dust through
the heliosphere, drapes over the heliopause, and influences polarization measure-
ments. We discover a polarization band that can be described with a great circle
that traverses the heliosphere nose and ecliptic poles. A gap in the band appears
in a region coinciding both with the highest heliosheath pressure, found by IBEX,
and the center of the Loop I superbubble. The least-squares analysis finds a mag-
netic dipole component of the polarization band with the axis oriented toward the
ecliptic poles. The filament of dust around the heliosphere and the warm helium
breeze flowing through the heliosphere trace the same magnetic field directions.
Regions along the polarization band near the heliosphere nose have magnetic
field orientations within 15◦ of sightlines. Regions in the IBEX ribbon have field
directions within 40◦ of the plane of the sky. Several spatially coherent magnetic
filaments are within 15 pc. Most of the low frequency radio emissions detected
by the two Voyager spacecraft follow the polarization band. The geometry of the
polarization band is compared to the Local Interstellar Cloud, the Cetus Ripple,
the BICEP2 low opacity region, Ice Cube IC59 galactic cosmic ray data, and
Cassini results.
Subject headings: ISM: clouds, dust, magnetic fields — Physical processes: po-
larization —Sun: heliosphere
1. Introduction
Spatial inhomogeneities in the nearby interstellar magnetic field and gas modulate the
heliosphere during the solar motion through space. The distribution, kinematics and pressure
of gas in the cluster of local interstellar clouds (CLIC) through which the Sun is traveling is
moderately well known, having been studied with interstellar absorption lines for the past
century (Heger 1919). Mapping the magnetic field in the low density very local interstellar
medium has only recently become possible with the development of high-precision polarime-
ters. With the goal of relating the local interstellar magnetic field to the magnetic field
shaping the heliosphere, we are mapping the configuration of the local interstellar magnetic
field utilizing starlight that is polarized by magnetically-aligned interstellar dust grains. The
interstellar polarizations discussed in this paper arise from dust grains located in the CLIC,
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some of which are swept up into and around the heliosphere. This study focuses on the mag-
netic field configuration within 15 pc. Interstellar gas in this region is warm, low density,
and kinematically structured with a tendency to flow away from the direction of the center
of the Loop I superbubble (Frisch et al. 2011, FRS11). The polarized starlight data utilized
here include newly-collected measurements that have been acquired at eight observatories in
both hemispheres.
The relation between the interstellar magnetic field that shapes the heliosphere and
the ambient interstellar magnetic field is key to understanding the physical properties of
the immediate galactic environment of the Sun. Polarized starlight has been shown to
provide a viable diagnostic of the orientation and structure of the local interstellar magnetic
field over both large and small spatial scales (e.g. Mathewson & Ford 1970; Piirola 1977;
Tinbergen 1982; Pereyra & Magalha˜es 2007; Bailey et al. 2010; Frisch et al. 2012; Berdyugin
et al. 2014; Wiktorowicz & Nofi 2015; Frisch et al. 2015b,a; Cotton et al. 2016; Marshall
et al. 2016; Cotton et al. 2017b). Stars within 40 pc show interstellar linear polarizations
of ∼ 0.0004%/pc or less, corresponding 1 to mean densities of n(Ho)∼ 0.08 cm−3, with a
tendency for larger polarizations in southern compared to northern galactic regions (Piirola
1977; Tinbergen 1982; Marshall et al. 2016; Cotton et al. 2017b). In this study the magnetic
field orientations are explicitly assumed to be parallel to the position angles of the linearly
polarized starlight, so that possible radiative torques would affect the efficiency of grain
alignment but not the alignment orientation (Hoang & Lazarian 2016).
Local space is sparsely filled with interstellar material so that polarizing dust grains
may be entrained in multiple magnetic fields that are foreground to nearby stars. For
volume densities similar to the densities of the interstellar material entering the heliosphere,
n(Ho)∼ 0.2 cm−3 and ne∼ 0.07 cm−3, and typical column densities N(Ho)∼ 1017.6 cm−2, and
cloud lengths are less than 1 pc (FRS11). A kinematical model of the CLIC as consisting
of fifteen clouds predicts that less than 19% of nearby space is filled with gas (Redfield &
Linsky 2008a). Interstellar gas absorption components detected toward individual nearby
stars indicate filling factors of 5%–40% (Frisch & Slavin 2006). These low cloud filling factors
suggest that the polarizing interstellar dust grains are distributed over less than 20% of local
interstellar space.
1An average local linear polarization of 0.0004% per parsec yields n(Ho)∼ 0.1 cm−3, based on the relation
P%=9E(B-V) for percentage polarization P%, color excess E(B-V) (Serkowski et al. 1975; Fosalba et al. 2002)
and N(Ho)+N(H2)=5.8× 1021E(B-V) cm−2 mag (Bohlin et al. 1978). Ionization effects must be included to
obtain accurate ratios (Frisch et al. 2015b). Note that the polarization pseudo-vector is aligned parallel to
the ISMF direction (Lazarian 2007) so that these conversion formulae provide a lower limit to the amount
of interstellar gas corresponding to the observed polarization strengths.
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Heliospheric data have recently provided an entirely new perspective of the CircumHe-
liospheric interstellar Medium (CHM) forming the interstellar boundary conditions of the
heliosphere.2 The CHM establishes the interstellar boundary conditions of the heliosphere,
feeds interstellar gas and dust into the heliosphere, and absorbs the escaping energetic neu-
tral atoms (ENAs) that were created by charge-exchange between the solar wind and CHM
neutral gas inside of the heliosphere. In situ measurements of interstellar He◦ in the inner he-
liosphere by Ulysses and the Interstellar Boundary Explorer (IBEX) give an upwind direction
for the CHM velocity of `=3.7◦, b=15.1◦, and low volume densities of n(Heo)=0.0196±0.0033
cm−3 (Schwadron et al. 2015a; Wood et al. 2017). The angle between the CHM and LIC
velocity vectors is 4.3◦ ± 2.6◦.
An unexpected tracer of the interstellar magnetic field embedded in the CHM was
provided by the discovery of a “ribbon” of ENAs forming where the local interstellar magnetic
field (ISMF) draping over the heliosphere is perpendicular to sightlines (McComas et al. 2009;
Schwadron et al. 2009; Funsten et al. 2009; Fuselier et al. 2009).3 MHD simulations of the
ribbon origin predict that ribbon ENAs are born 10 AU or more upstream of the heliopause,
depending on the ENA energies (Zirnstein et al. 2016). The center of the ∼ 73◦-radius
circular ENA ribbon provides the energy-dependent orientation of the magnetic field in the
CHM. An angle of 88◦ ± 3◦ is found between the CHM velocity in the Local Standard of
Rest (LSR), and the interstellar magnetic field direction traced by the IBEX ribbon, based
on in situ He◦ data and the magnetic field orientation of the CHM from the 1 keV ribbon,
indicating the CHM velocity and magnetic field are perpendicular (Schwadron et al. 2014a).
The secondary population of heated interstellar He◦ atoms, consisting partly of interstellar
ions that are deflected in the outer heliosheath, become re-neutralized and are measured in
the inner heliosphere (Kubiak et al. 2014, 2016; Bzowski et al. 2017). The direction of this
secondary neutral “breeze” traces the magnetic distortion of the heliosphere.
The Sun is at the edge of the CHM in the upwind direction of the interstellar neutral
2The need for a new term arises from the different kinematical definitions of the Local Interstellar Cloud
(LIC) in the literature (FRS11, Redfield & Linsky 2008b; Gry & Jenkins 2014b). In this paper the term
“LIC” will be reserved for the component by that same name in the 15-cloud model of Redfield & Linsky
(2008b), while the two velocity groups found by Gry & Jenkins (2014b) will be referred to as the CLIC (which
Gry and Jenkins termed the “LIC” in their 2014 paper) and the “Cetus Arc” (which is the decelerated and
possibly shocked gas identified by Gry and Jenkins).
3An accurate description of the formation of the IBEX Ribbon has been elusive, although a secondary
charge-exchange mechanism beyond the heliopause has been favored by MHD heliosphere simulations (Zirn-
stein et al. 2016). The secondary hypothesis is supported by the sensitivity of the parent population of the
IBEX ribbon ENAs to variations in solar wind fluxes due to the phase of the solar cycle (McComas et al.
2017).
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wind. Absorption components at the CHM or LIC velocities are not detected toward 36 Oph
in the upwind direction (Wood et al. 2000), or toward the nearest star α Cen, 49◦ from the
heliosphere nose (Lallement et al. 1995; Gayley et al. 1997). Voyager 1 crossed the heliopause
at 122 AU in August of 2012 and is acquiring in situ data on the interstellar magnetic
field (Burlaga & Ness 2014, 2016). 4 A laminar magnetic field with Gaussian turbulence
was detected in the outer heliosheath during periods outside of solar magnetic storms, and
was identified as the interstellar magnetic field (Burlaga & Ness 2014). The gradient of
the interstellar magnetic field detected by Voyager 1 during the first quiet time beyond the
heliopause, uninterrupted by solar storms, was found to converge on the interstellar magnetic
field orientation given by the center of the IBEX ribbon (Schwadron et al. 2015b). The low
levels of magnetic turbulence detected in the heliosheath by Voyager 1 beyond the heliopause
at 135 AU is consistent with Kolmogorov turbulence with an outer scale of 0.01 pc, indicating
the spacecraft and heliosphere are near the cloud edge (Burlaga et al. 2018).
We find here that interstellar dust grains interacting with the heliosphere affect linearly
polarized starlight data. In situ dust measurements indicate that interstellar dust interacts
with and is deflected around the heliosphere (e.g. Frisch et al. 2005; Mann 2010). The
interstellar gas and dust inside of the heliosphere have the same velocity vectors (Frisch et al.
1999; Kimura et al. 2003). Ulysses and Galileo data show that grains with the largest charge-
to-dust mass ratios are excluded from the inner heliosphere and indicate gas-to-dust mass
ratios of 192 (+85,-57), vs. typical interstellar values of 100 (Frisch et al. 1999; Kru¨ger et al.
2015; Sterken et al. 2015). The grains have silicate compositions, based on the composition
of the gaseous CHM and in situ dust measurements (Slavin & Frisch 2008; Altobelli et al.
2016). Detailed interactions between interstellar dust grains and the heliosphere depend on
the magnetic phase of the Hale solar cycle due to Lorentz forces on charged grains in the
heliosheath (Frisch et al. 1999; Landgraf et al. 1999; Mann & Czechowski 2004; Slavin et al.
2012; Sterken et al. 2015; Alexashov et al. 2016). The spectrum of locally polarized starlight
is bluer than that of more obscured distant stars, suggesting the presence of smaller grains
(Marshall et al. 2016).
Measurements by Voyagers 1 and 2 inside of the heliosphere identified low frequency
radio emissions upstream of the heliopause that are associated with disturbances of the
interstellar plasma and magnetic field (Gurnett et al. 1993; Kurth & Gurnett 2003). The
heliopause crossing was also marked by the reappearance of low frequency radio plasma
4Voyager 1, launched in 1977, exited the heliosphere and entered the outer heliosheath at 121 AU in
August 2012. The Voyager 1 trajectory is toward a direction that is close to the solar apex motions. A
disappearance of heliospheric low energy ions and sharp increase in cosmic ray fluxes marked the heliopause
crossing (Stone & Cummings 2013).
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emissions at the plasma frequency of an interstellar electron population with density 0.08
cm−3 (Gurnett et al. 2013).
Here we use a statistical approach for defining structure in the ISMF traced by the
polarization data. Earlier efforts to obtain the orientation of the very local interstellar
magnetic field from linear polarization data found an ISMF direction consistent with the
IBEX ribbon magnetic field direction, after omitting a data subset that appears to define
a filament of polarizing dust grains around the heliosphere (Frisch et al. 2015a,b). The
coincidence of the magnetic field traced by the dust filament and the direction of the “warm
breeze” of secondary interstellar helium discovered by IBEX is confirmed in this paper.
Achieving our goal of mapping the interstellar magnetic field in the very low column
density of the local interstellar medium is possible only because of recent advances in precision
polarimetry that give accuracies of parts-per-million (Magalhaes et al. 1996; Wiktorowicz &
Matthews 2008; Bailey et al. 2010; Piirola et al. 2014; Bailey et al. 2015, 2017). In this paper
we combine older less precise 20th century data (Heiles 2000) with high precision polarization
measurements made in the 21st century in order to probe the geometrical properties of the
interstellar magnetic field within 15 pc. These results are built on combining polarization
position angles based on methods introduced in Frisch et al. (2016), and on a classic least-
squares-fit analysis. The analysis in this paper is restricted to stars within ∼ 15 pc, where
interstellar column densities are low.
Data used here are summarized in Section (§) 2. Polarization measurements of over
270 nearby stars made with the DIPOL-2 instrument (Piirola et al. 2014) have enabled this
survey and are being published separately.The methodology for obtaining magnetic structure
by counting the number of stars that predict magnetic fields at each location according to
statistical criteria is explained in §3. Probability constraints permit sorting the magnetic
structure maps according to whether polarization position angles trace magnetic field lines
that are either quasi-parallel or quasi-perpendicular to the plane of the sky. A band of
favored magnetic field directions is found (§3.1). Magnetic structure is sampled for intervals
of ±90◦ (§3.2), and ±60◦ and ±45◦ (§3.3). A least-squares analysis was performed on
the best data describing the polarization band, yielding a dipole component at the ecliptic
poles (§4.1). A previously discovered filament of polarized interstellar dust grains (Frisch
et al. 2015a) is re-examined with a least-squares analysis (§4.2), confirming a magnetic pole
aligned with the direction of the warm breeze of secondary interstellar He◦ (§4.2). Maps of
mean polarization angles yields angles of the magnetic field throughout the sky (§5). The
discussion (§6) relates magnetic structure to supplementary data on the outer heliosheath,
including Voyager interstellar plasma emissions, the coincidence of the magnetic fields traced
by the dust filament and warm breeze of secondary interstellar helium, as well as Loop I and
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southern TeV cosmic ray data. Concluding remarks are presented in §7. Table 1 summarizes
locations quoted in this paper. Additional information on the statistical distributions, the
polarization band and supplementary data, the relation between the polarization band and
Cassini belt, and the spatial counting of target stars with the most detectable polarizations
is given in Appendices A–D, respectively.
2. Polarization Data Used in Analysis
This study utilizes linearly polarized starlight as the basis of determining the structure
of the nearest interstellar magnetic field. Starlight that is linearly polarized while traversing a
dichroic interstellar medium created by magnetically aligned interstellar dust grains provides
a longstanding diagnostic of the interstellar magnetic field orientation (e.g. Mathewson &
Ford 1970; Piirola 1973; Serkowski et al. 1975). Linearly polarized starlight is parallel to
the interstellar magnetic field direction in the absence of a strong local radiation source
that can perturb (or enhance) alignment (see the review of Andersson et al. 2015). Linear
polarizations are derived from measurements of the Q and U Stokes parameters, which
yield polarization position angles θPA (the angle between the meridian of the coordinate
system and the polarization pseudo-vector) and their uncertainties (δθPA, e.g. Tinbergen
1982; Naghizadeh-Khouei & Clarke 1993; Plaszczynski et al. 2014).
Observed orientations of the polarization position angles, θPA, represent the projection
onto the plane of the sky of the three-dimensional linearly polarized pseudo-vector, and
is regarded as insensitive to the polarity of the interstellar magnetic field. In principle the
observed polarization strength will decrease with the angle between the star and the location
where the magnetic field is perpendicular to the plane of the sky. In this study we utilize
polarization position angles to map the structure of the nearby interstellar magnetic field.
Polarization strengths are not directly utilized in this study because of the heterogeneous
underlying data that are drawn from diverse sources with variable sensitivity levels, some
collected during the 20th century (Piirola 1977; Tinbergen 1982; Leroy 1993; Heiles 2000).
The development of high sensitivity polarimeters has allowed the precise measurements
of starlight polarizations arising in the low column density nearby interstellar material where
typically N(Ho+H+) ∼ 1017 − 1018.5 cm−2 (Wood et al. 2005), corresponding to expected
polarization strengths of 0.0002%–0.005% compared to mean measurement errors of parts-
per-million or better.
This study includes essential new data that have been acquired for this survey of inter-
stellar polarizations in the local interstellar medium using the DiPol-2 polarimeter (Piirola
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et al. 2014). This instrument yields high precision polarization measurements at better than
10−5 levels. Three copies of DIPOL-2 have been built and are being used at the UH88
telescope at Mauna Kea Observatory, the T60 telescope at Haleakala Observatory, and the
1.3 m telescope of the Greenhill Observatory (H127), University of Tasmania, Australia.
Additional new data have been obtained with IAGPOL (Magalhaes et al. 1996) at the Pico
dos Dias Observatory in Brazil. These new data from the DIPOL-2 instrument are being
published separately (Berdyugin et al., in preparation; Frisch et al., in preparation).
Data from the literature on the polarizations of nearby stars are also used in this study
(Bailey et al. 2010; Santos et al. 2011; Frisch et al. 2012, 2015b,a; Bailey et al. 2015; Wik-
torowicz & Nofi 2015; Marshall et al. 2016; Cotton et al. 2016, 2017b; Bailey et al. 2017).
Data from the literature include high precision data collected at Lick Observatory in Cali-
fornia, at the Anglo-Australian Telescope at Siding Spring Observatory in Australia, and at
the 14” telescope at the UNSW observatory at the Kensington campus in Australia.
The analysis in this paper is based on stars with distances within 15 pc, where a star is
considered to be within 15 pc if any part of the parallax error conical section is less than 16.0
pc. This requirement is the only distance information utilized in this paper. Stellar distances
are available for all of the stars included in this analysis, and are determined from Hipparcos
parallax data (Perryman 1997) by utilizing the parallax uncertainties to identify the distance
that divides the volume of the parallax uncertainty conical section into two equal volumes.
The current polarization data base consists of measurements of the polarizations of over 760
stars within 40 pc, of which 134 stars are utilized in this study.
Newly acquired data for this survey avoid known intrinsically polarized stars, and binary
systems where intrinsic polarization may be present (see Cotton et al. 2017b, for a discussion
of intrinsic stellar polarizations), however it is likely that intrinsically polarized stars remain
in the data set utilized in this paper. In the present analysis it is assumed that intrinsically
polarized stars, if present, would contribute randomly oriented polarization position angles
that would not bias the results. Polarization strengths are not used directly in this study but
will affect uncertainties on the polarization position angles (Appendix A). The merit function
used to determine the probabilities, Γ(Lrot,Brot), is based on the probability distribution for
polarization position angles given by Naghizadeh-Khouei & Clarke (1993, Appendix A). An
upper limit of 3.5 is therefore placed on the probabilities Γ(Lrot,Brot) that are incorporated
into the calculation of the statistical significance of individual data points. This limit, which
affects 16% of the stars utilized in this study, is required to minimize the influence of possible
intrinsic stellar polarizations that could mimic interstellar polarizations and bias outcomes.
The physical distribution of the stars in the sky is unrelated to the magnetic structure
derived in this paper. For instance, compare the distributions of stars in Appendix B with
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the magnetic structure maps presented here.
3. Mapping Magnetic Structure with Polarization Position Angles
Starlight that becomes linearly polarized while traversing a dichroic medium formed by
magnetically aligned dust grains provides the basis for determining the structure of the local
interstellar magnetic field. Magnetic fields in regions devoid of interstellar dust will not be
sampled in this analysis. Three approaches are used here to map the structure of the local
interstellar magnetic field using polarization position angle data. The first approach (this
section) is based on counting the number of overlapping polarization position angle (PPA)
swaths that trace a “true” magnetic field towards each location on the sky according to
statistical criteria, and normalizing that count by the number of stars within αmax degrees of
that location, and then characterizing the magnetic field orientation using patterns of those
counts on the sky (Frisch et al. 2016). The approach imposes either minimum or maximum
limits on the values of Γ(Lrot,Brot) that will be mapped at each location, in an approach
that is conceptually analogous to binning the data according to the statistical probabilities.
The second approach (§4) is a least-squares analysis that finds the most probable location
for the dipole component of the magnetic poles traced by the polarization position angles of
the stars tracing the polarization band feature (§4.1), and the polarization filament (§4.2).
In the third approach we map the mean values of θrot at each position on the sky.
The method presented here for identifying structure in the interstellar magnetic field is
based on the statistical probability that a polarization position angle will trace a magnetic
field directed toward any location on the sky for a grid of longitudes Lrot and latitudes Brot,
and then mapping the number of data points at each grid point that meet the statistical
criterion for that map, after normalization by the total number of data points available for
mapping at that location according to the geometrical constraints.
The statistical probability that a polarization position angle traces a magnetic field
oriented toward Lrot, Brot is denoted Γ(Lrot,Brot). The value for Γ(Lrot,Brot) is derived by
first calculating the angle between the polarization orientation and a meridian that passes
through the location Lrot, Brot. The statistical probability that θrot traces a “true” magnetic
field direction is then given by the probability distribution for position angles and mea-
surement uncertainties. Appendix A shows this probability distribution for several levels of
measurement uncertainties.
Two types of statistical limits are placed on Γ(Lrot,Brot) values that constrain the plotted
PPA values. The selection of data that will trace magnetic field directions that are quasi-
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parallel to the sightline requires that Γ(Lrot,Brot), is large so that θrot has a high probability
of tracing a magnetic field with that orientation. The limits on the values of Γ(Lrot,Brot)
that are counted and plotted therefore restrict the orientations of the magnetic field lines
that will be plotted. Magnetic field orientations that are quasi-parallel to the sightline are
analogous to a dipole field with an orientation approximately aligned with the sightline with
respect to the location Lrot, Brot. Orientations quasi-perpendicular to the sightlines are
closer to the plane of the sky. These different magnetic field orientations are implemented
with the criteria Γ(Lrot,Brot)>Γmin for field directions quasi-parallel to the sightline, and
Γ(Lrot,Brot)<Γmax for field directions quasi-perpendicular to the sightline. The values of
Γmin and Γmax are selected to yield samples of the data large enough to cover all of the sky
for the spatial constraints imposed on the map construction. These maps of the number
of stars meeting the assumed statistical criteria then becomes the diagnostic of structure in
the interstellar magnetic field. The parameters Lrot, Brot serve both to define the grid over
which the magnetic field structure is plotted and the pole of the meridian that must be used
for calculating the rotated polarization position angles, θrot. Note that polarization position
angles are generally calculated with respect to meridians of either the equatorial (θra) or
galactic (θgal) coordinate systems, however they can be rotated into any spherical coordinate
system defined by an arbitrary pole location Lrot, Brot, to yield the value θrot evaluated with
respect to that rotated coordinate system.
A second geometric requirement is imposed that requires stars to be located within
αmax degrees of Lrot, Brot to be included in the plots. The number of data points that
statistically qualify to be plotted is normalized by the total number of data points that
satisfy the geometric criteria, e.g. the number of stars meeting the statistical criterion at
Lrot,Brot is divided by the total number stars within 60
◦ of that location for the geometric
criterion αmax<60
◦. Normalization compensates for the uneven spatial distribution of stars
in the polarization data set, and has little effect on the αmax=90
◦ maps but is significant for
the higher resolution maps at αmax=60
◦ and 45◦ (§3.3).
Mapping magnetic structure is implemented by rotating the coordinate system through
all possible poles for Lrot, Brot, evaluating θrot at each location for stars satisfying the geomet-
ric constraint. In §§3.1, 3.2, and 3.3 data are counted and plotted that meet the statistical
requirement on θrot after normalizing by the number of stars that meet the geometric con-
straint. Values of θrot are small when they trace true interstellar magnetic field orientations
that are nearly parallel to a meridian of the spherical coordinate system defined by a pole
at Lrot,Brot.
Maps built on the statistical requirement Γ(Lrot,Brot)>Γmin are unaffected by data points
with low P/dP for reasonable values of Γmin. Maps built on Γ(Lrot,Brot)<Γmax would not
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display correct magnetic structure for stars that lack foreground interstellar dust grains.
Therefore, maps built using the condition Γ(Lrot,Brot)<Γmin also require that P/dP> 1.9 in
order to avoid confusing magnetic structure with stars devoid of foreground dust grains.
An example of a probability swath of possible magnetic pole locations is shown in Figure
1 for the star HD 104304, located 12.9± 1.0 pc away at `,b=283◦,50◦. The HD 104304 data
were obtained with the DIPOL-2 polarimeter at the T60 telescope at Haleakala. HD 104304
has a polarization position angle of θra=59.4
◦ ± 4.9◦, which corresponds to a position angle
in galactic coordinates of θgal=41.5
◦± 4.9◦. Figure 1 and other maps in this paper utilize an
Aitoff projection.
Figure 2 shows an example of maps of the probability distribution Γ(Lrot,Brot), based on
the polarization position angles of stars within 40 pc that trace a magnetic field orientation
toward ` = 36.7◦, b = 57.0◦, corresponding to the the weighted mean center of the IBEX
ribbon energy bands (Funsten et al. 2013, Table1 ). This distribution shows polarization
data for stars within 40 pc that have high, as well as low, probabilities for tracing the IBEX
ISMF direction, indicating that multiple magnetic field orientations are found. Appendix A
also shows an additional example of the statistical distributions for the polarization position
angles of stars tracing a field direction at the location `=135◦ and b=5◦.
The use of polarization position angle uncertainty swaths introduces several intrinsic
biases to the output maps. Measurements with larger values of P/dP will have larger values
of Γ(Lrot,Brot) for some locations but will also tend to be counted at fewer grid locations
because the angular extent of the uncertainty swath is smaller. In contrast, large numbers of
data points with low P/dP , and therefore large angular uncertainty swaths, will enlarge the
number of grid points where the individual data points are counted (according to requirement
Γ(Lrot,Brot)>Γmin) and therefore spatially blur the magnetic structure.
The extended polarization data base for stars within 40 pc is used to display the data
that trace the IBEX interstellar magnetic field orientation according to the statistical criteria.
Figure 3 gives an example of statistically combining polarization position angle probability
swaths that produce the magnetic structure obtained in the direction of the center of the
IBEX ribbon. The plotted probability swaths are those intersecting in the region outlined
by the cyan-colored polygon in Figure 3. No angular restrictions are placed on the locations
of the stars counted at each value of Lrot, Brot in these two figures, where αmax=360
◦, so that
normalization is not needed. Rotated polarization position angles, θrot, have probabilities
Γ(Lrot,Brot)>Γmin larger than Γmin=0.6 (left), or Γmin=0.9 (right), for tracing a magnetic
field orientation inside the box. The color coding is dynamically generated for each map so
that the small increase in Γmin between maps modifies the color scheme and tends to give
the appearance of more tightly defined spatial regions with higher probability data points.
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The color-bars in Figures 3 and 4 give the total number of stars counted into each location
according to the statistical criteria. The polarization position angles of the contributing data
points are plotted using black symbols, and the variations in uncertainties for the diverse
data sample is shown by the variations in the angular uncertainties representing δθPA.
Comparisons between Figures 3 right and left show that the lower probability data
points trace more extended regions defined by weaker statistical constraints. Note that the
color-bar nomenclature in Figure 3 and other maps may include the annotations “n0”, “n1’,
“n2” or “n3’. The value “n0” indicates that probabilities less than a Γmax are plotted. Values
“n1’, “n2” or “n3” indicate, respectively, that Γmin displayed on the figure is n=1, n=2, or
n=3 times an assumed baseline probability (Γmin/n). The values of the map constraints Γmax
and Γmin are arbitrarily selected to provide maps with enough counts to be useful for color
coding, and are shown on the figures. Smaller Γmin values produce more extended high-count
regions, while larger Γmin values sharpen the magnetic structure, have lower counts, and may
lead to inadequate sampling of spatial structure. The practical impacts of varying Γmin and
Γmax is to change the color-coding in the figure and the visual impact of the color-coded
magnetic pattern (Figure 3).
Identifying locations with small or large counts of data that meet the statistical criterion
for tracing true magnetic field directions provides a diagnostic of magnetic structure that can
be applied over all spatial scales if an adequate sample of data is available. Considerations
when constructing maps from polarization data are that small values of P/dP may indicate
the lack of foreground dust, the absence of a magnetic field, and/or a strongly depolarizing
foreground screen. Polarization data alone do not distinguish between these possibilities.
This approach is free from prior assumptions about the physical configuration or origin of
the magnetic fields that align the dust grains aside from the assumption that position angles
are parallel to the intervening interstellar magnetic field orientation.
For any location Lrot, Brot, the number of polarizations that trace a “true” magnetic field
orientation tends to be less than the number of polarizations that do not trace a magnetic
field orientation, so that generally more data are included in the maps constructed with the
criterion Γ(Lrot,Brot)<Γmax than for maps constructed for Γ(Lrot,Brot)>Γmin (Figure 2).
The construction of maps with enough counts to be useful requires angular smoothing of
the data. Smoothing over large angles masks small scale structure but highlights large-scale
features. Smoothing is accomplished by allowing all stars within angle αmax (degrees) of
Lrot, Brot to contribute to the counts. Maps displaying angular smoothing over hemispheres
(αmax=90
◦, §3.2) and smaller scales (αmax=60◦, αmax=45◦,§3.3) are shown. Values of Γmin
and Γmax are selected so that a sufficient number of stars are mapped to provide useful
color coding of magnetic structure and are responsive to the numbers of counted points that
– 14 –
increase with larger angular sampling intervals.
3.1. Globally Smoothed Magnetic Structure and Polarization Band
(αmax=360
◦)
The probability that a polarization position angle traces a true magnetic field orientation
is the parameter used in this study to map the structure of the ISMF within 15 pc. The
first stage of the analysis is to assume that the interstellar magnetic field is uniform in
the nearest 15 pc, using αmax=360
◦, so that stars throughout the sky are included in the
mapping of overlapping position angle swaths at each location. Rotated position angle,
θrot, values are selected to satisfy the criterion Γ(Lrot,Brot)>Γmin=1.0 (Figure 4, top) or
Γ(Lrot,Brot)>Γmin=1.5 (Figure 4, bottom), as the criterion for tracing a true magnetic field
oriented toward each Lrot,Brot grid point. An implicit property of the constraint αmax=360
◦
is that the resulting magnetic pattern will have mirror symmetry since each polarization
position angle traces two locations in opposite directions on the sky. The labels on the color-
bars in Figures 4 shows counts of the number of stars with Γ(Lrot,Brot)>Γmin=1.0 (top), or
Γ(Lrot,Brot)>Γmin=1.5 (bottom) of Figure 4. The probability distributions in Appendix A
suggest that Γ(Lrot,Brot)>Γmin=1.0 will test values of |θrot| that are typically smaller than
∼ 20◦, although the limiting angle depends on P/dP for each data point. The color-bar in
Figure 4 is labeled with the counts of numbers of overlapping position angle swaths at each
grid locations. Color coding levels vary between the maps. Polarization position angles of the
stars contributing to the αmax=360
◦ maps are plotted with black symbols with triangular
extensions showing the uncertainties ±δθPA projected onto the figures, and the maps are
shown centered on the galactic center and anti-center.
The magnetic pattern in Figure 4 (αmax=360) is dominated by a prominent band where
the magnetic field orientation is restricted to being quasi-parallel to the sightline by the
statistical requirements Γ(Lrot,Brot)>Γmin=1.0, top, and Γ(Lrot,Brot)>Γmin=1.5, bottom. A
great circle that provides a good approximation to the curvature of the polarization band
feature has an axis toward galactic coordinates `=214◦, b=67◦ and is tilted by 23◦ with
respect to the plane of the Galaxy (see Table 1 for values in equatorial and ecliptic coordinate
systems). The equator of the great circle tracing the polarization band is plotted with a
cyan-colored line on most figures.
The polarization band is defined by overlapping polarization position angle swaths and
the axis of the great circle that corresponds to the polarization band configuration does
not correspond to a magnetic pole direction (Appendix B). Instead, the polarization band
overlaps the direction of the warm breeze flowing into the heliosphere (§6.4), and tends
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to separate the port and starboard 5 sides of the heliosphere at lower latitudes (see the
nose-centered ecliptic projections of Figures 8, 12).
The band is patchy and shows a gap of about 15◦ on the galactic-west of the heliosphere
nose starting at `∼ 243◦ and extending south to `∼ 228◦ (Figure 4). Such a gap is produced,
for the mapping procedure used here, only if fewer magnetic field-lines overlap inside of the
gap in comparison to adjacent regions (since the number of overlapping position angle swaths
traces the number of overlapping magnetic field lines according to probability constraints).
In the absence of prior knowledge about the true magnetic field direction that is being traced,
it is not possible to distinguish between a true gap and unknown biases in the data underlying
the analysis. The physical locations of the underlying stellar data set does not cause the
gap (Appendix D). This gap is located close to the upwind direction of the flow of the CLIC
through the LSR, and is labeled “W” for “wind” on the figures. The CLIC flows through the
LSR away from the direction `=335◦, b=−7◦, with a velocity −17 km s−1 (FRS11). Maps
based on smaller αmax values further constrain the gap (§3.3). Most locations with high
counts of statistically qualifying position angles in the αmax=360
◦ maps are located in the
polarization band feature (Figure 4).
3.2. Hemispheric Smoothing of Magnetic Structure (αmax=90
◦)
Mapping counts of overlapping PPA swaths using αmax=90
◦ is equivalent to counting
polarization position angles of stars located in the same hemisphere as the grid point Lrot,Brot.
For smoothing over subsections of the sky two criteria are used selecting stars that are
counted into the figures, the statistical criterion and the angular criterion. The numbers
of data points within αmax degrees of a grid point (Lrot, Brot) is more likely to vary across
the maps for smaller smoothing angles because of the inhomogeneous distribution of the
target stars on the sky. This possible differences in the number of data points found within
αmax of the Lrot, Brot grid locations can be compensated for by normalizing the number of
statistically qualifying data points at each grid point with the total number of stars within
αmax of that grid point. The color-bar labeling in Figure 5 therefore is based on a scale of
0.0–1.0 (as are the later maps that are plotted with a linear color scale). The polarization
5A nautical analogy has been used to describe locations in the heliosphere defined by ecliptic coordi-
nates, and that analogy is adopted here. The “bow” of the heliosphere is the nose direction defined by
the upwind direction of interstellar neutral He◦ gas flowing into the heliosphere (Schwadron et al. 2015a).
The port/starboard sides of the heliosphere indicate the directions of increasing versus decreasing ecliptic
longitudes compared to the central heliosphere nose direction, and the “up” direction refers to the north
ecliptic pole.
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band feature becomes most apparent in the first and second galactic quadrants (`=0◦– 180◦)
and is patchy. The polarization band feature is asymmetric between Galactic quadrants I
and II (`=0◦– 180◦) versus III and IV (`=180◦– 360◦) in the αmax=90◦ map, and for this
set of constraints is not evident for galactic `>180◦, or equivalently the ecliptic south of the
heliosphere nose.
Polarizations included in the angmax=90◦ map have a relatively high probability, Γ(Lrot,Brot)>
1.0, of tracing an ISMF near the sightline but only 27% of the geometrically qualifying stars
satisfy this statistical criteria as shown in Figure 5. The probability distributions in Ap-
pendix A suggest that probabilities larger than 1.0 typically correspond to |θrot|< 12◦, and
therefore trace magnetic fields oriented within ∼ 12◦ of the plotted locations, although this
value varies somewhat with P/dP of the measurement. Based on this argument it appears
the polarization band is formed of values of |θrot| that are near the radial sightline.
The gap seen to the right of the heliosphere nose in the αmax=360
◦, Γ(Lrot,Brot)> 1.00
galactic projection enlarges to over 60◦ wide in the αmax=90◦ map. The gap is evident as
large reddish regions with few stars tracing magnetic field orientations parallel to sightlines.
This gap borders the upwind direction of the CLIC flow through the LSR (Table 1), marked
by a ”W’ on figures. Figure 5, lower right. For the ecliptic projection centered on the helio-
sphere nose, the gap also coincides with the southern ecliptic latitudes below the heliosphere
nose. This southern region overlaps the regions of highest magnetic pressures for heliosheath
plasma according to IBEX ENA data (Schwadron et al. 2014b; McComas et al. 2017, Table
1).
3.3. Smoothing Magnetic Structure over Angular Scales of 60◦ and 45◦
Different magnetic field orientations can be selected through the probability constraints.
For the data utilized here, the number of data points found to have small probabilities for
tracing a magnetic field at a value of Lrot,Brot is typically greater than the number of data
points with large probabilities for tracing a magnetic field at the location (Figure 2 and
Appendix A). Smaller spatial sampling intervals can be used when larger numbers of stars
qualify statistically for plotting.
Maps are constructed by binning probability distributions using two limits, those with
Γ(Lrot,Brot) larger or smaller than the limiting value. Maps constructed with the criterion
Γ(Lrot,Brot)< 0.63 (§3.3.1) will count larger numbers of stars with magnetic fields favoring an
field orientation near the plane of the sky than maps based on the criterion Γ(Lrot,Brot)< 0.1
(§3.3 because of the peaked probability distribution for P/dP> 1.9 (Appendix A). Maps
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built with conditions Γ(Lrot,Brot)<Γmax are also restricted to data where P/dP> 1.9 in
order to avoid counting regions where no dust grains are present. Relative numbers of stars
that have values Γ(Lrot,Brot) larger (smaller) than the probability cutoffs Γmin(Γmax), then
become a diagnostic of the typical value of |θrot| in each sightline. The goal is to obtain the
best angular resolution that maximizes the statistical significance of the derived magnetic
structure and also avoids spatial gaps not sampled by the available data. Smaller values of
αmax reduce the number of geometrically qualifying data points at each location. Generally,
the numbers of data points traced at each location using the criteria Γ(Lrot,Brot)<Γmax
tends to be larger than the numbers of data points with Γ(Lrot,Brot)>Γmin at the same
location if Γmin=Γmax. The criteria Γ(Lrot,Brot)<Γmax therefore allows more spatial detail
in the plotted magnetic structure. The limit Γ(Lrot,Brot)<Γmax emphasizes magnetic field
directions with statistically low probabilities of tracing magnetic fields aligned with Lrot, Brot
and there emphasizes field field orientations quasi-parallel to the plane of the sky. Fewer
data points are counted generally with the limit Γ(Lrot,Brot)>Γmin (Appendix A). Smaller
angular smoothing intervals enable comparisons between magnetic structure and interstellar
and heliospheric phenomena that are sensitive to magnetic structure.
3.3.1. Emphasizing Fields Quasi-Parallel to Plane of Sky
Figure 6 shows the importance of normalization on the plotted magnetic structure and
varies the data display to show the influence of the color scale on perceived magnetic struc-
ture. The unnormalized top left figure in Figure 6 has extended reddish regions with star
counts of 10 or below. Variations in the total number of data points available at each location
for the geometric criteria set by αmax indicate that the more useful number of normalized
statistically qualifying data points (top right, Figure 6) should be used. The top left figure
counts about eight stars in the heliosphere nose region that statistically qualify to be counted
as for the condition Γ(Lrot,Brot)< 0.63, which corresponds to a field orientation with respect
to the sightline of θrot larger than > 19
◦ (Appendix A, the exact angle limit depends on
P/dP ). The top right figure shows that roughly 60% of the geometrically qualifying data
points have Γ(Lrot,Brot)<0.63, and the remaining 40% of the data trace an ISMF in the helio-
sphere nose region with θrot< 19
◦, and field lines quasi-parallel to sightlines. Normalization
of the number of stars meeting the statistical constraint by the total number of stars meeting
the geometric constraint therefore yields a more accurate description of magnetic structure
by avoiding map patterns dominated by the distribution of the stars. Counts of stars in
the data base that are within 60◦ of each position Lrot, Brot, for data with P/dP> 1.9, are
shown in Appendix D. There is no relation between the derived magnetic structure in this
paper and the spatial distribution of the stars.
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Color contrasts differ if a logarithmic color scale (to base 10) is used, as seen in the
middle and lower images of Figure 6. These figures also display supplementary data for
phenomena that are sensitive to local interstellar or heliosphere magnetic field structure,
overlaid on galactic, ecliptic and equatorial projections. The normalized figures displayed
with a logarithmic color scale give different color contrasts that emphasize different physical
structures in the data.
Loop I is plotted with concentric lines in Figure 6. An elongated green polarization
filamentary feature is present on the east side of the southern part of Loop I, extending
between `,b∼ 30◦, 0◦ to `,b∼ 0◦,−35◦ (east of the heliosphere nose for the plot in ecliptic
coordinates). This polarization filament extends to within 15 pc of the heliosphere and
could alternatively be associated with an extension of the Loop I superbubble to the solar
location. Interior to Loop I magnetic field orientations that are quasi-parallel to the sightlines
are avoided (Figure 6, middle left).
An alternative picture places this same green filament on the east side of the region
of highest heliosheath pressure found by IBEX (McComas & Schwadron 2014). The green
circle in the lower right panel in Figure 6 is centered south of the ecliptic nose at ecliptic
coordinates λ=249◦, β=–20◦, with a radius of 47◦, corresponding to the central regions of
highest heliosheath pressures. The interior of Loop I and the region of highest heliosheath
pressure can not be distinguished geometrically in the plane of the sky, most likely because
Loop I has expanded to the solar location, dominates the CLIC configuration, and dominates
the CLIC and LIC kinematics (see reviews FRS11, Frisch & Dwarkadas 2018).
Maps are displayed in galactic, equatorial, and ecliptic coordinate systems to allow
comparison with other data sets. 6
Several external data sets that are sensitive to local magnetic phenomena are plotted
in Figures 6–8 and discussed in Section 6. These data include the contours that outline the
Loop I configuration defined by polarization data (Santos et al. 2011), low frequency radio
emissions measured by by Voyager 1 and Voyager 2 that originate as plasma emissions in
the interstellar gas upwind of the heliopause (Kurth & Gurnett 2003; Gurnett et al. 2013),
the polarizations of a dust filament around the heliosphere (Frisch et al. 2015a), and the
ICECUBE59 cosmic ray point sources.
6Figures in galactic coordinates are centered on the galactic center and anti-center. Figures in equatorial
coordinates are centered on RA=0◦ and RA=180◦. Figures in ecliptic coordinates are centered on λ=0◦ and
heliosphere nose (λ=255.5◦, based on the interstellar wind upwind direction, Table 1).
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3.3.2. Emphasizing Fields Quasi-Parallel to Sightlines
Broad regions are found in nearby space where magnetic fields tend to be oriented
closer to the sightlines than to the plane of the sky. A consistent picture is obtained for
the polarization band magnetic structure in the first two Galactic quadrants, `=0◦–180◦,
based on the maps with lower limits imposed on Γmin, Γ(Lrot,Brot)>Γmin (Figures 4, 5).
The polarization band is a semi-continuous feature in these maps. The more restrictive
constraint of Γ(Lrot,Brot)<Γmin=0.1 in Figure 7 (αmax=60
◦) and Figure 8 (αmax=45◦) selects
out the stars for plotting that have θrot> 37
◦ so the position angles are not aligned with the
sightline. The result is a patchy magnetic structure that discriminates between data points
on the shoulders of the probability distributions (Appendix A) along the great circle of the
polarization band. In Figure 7 the polarization band great circle is visible as reddish regions
(small counts of Γ(Lrot,Brot)<0.1 and θrot>37
◦data points) in Galactic intervals 0◦–90◦, and
as the border of greenish regions in galactic intervals 180◦–270◦. The difference between maps
made with Γ(Lrot,Brot)<Γmax=0.63 (Figure 6) and maps made with Γ(Lrot,Brot)<Γmax=0.1
(Figures 7, 8) is that the Γ(Lrot,Brot)<Γmax=0.1 constraint counts stars with θrot∼ 19◦−−37◦
that are not included in the Γ(Lrot,Brot)<Γmax=0.63 counts (again with details sensitive to
values ofP/dP ). Regions where there are few or no stars with Γ(Lrot,Brot)< 0.1 (reddish
regions of low counts in Figure 7) will be highlighting sightlines where the ISMF makes
angles typically less than ∼ 37◦ with respect to the sightline. For maps constructed with
Γ(Lrot,Brot)< 0.63 the reddish regions correspond typically to stars with θrot within ∼ 19◦ of
the sightline. These general characteristics of the statistical distributions suggest that the
differences between mapped values in Figures 6 and 7 may be attributed to magnetic field
orientations with respect to the sightline of θrot∼19◦–37◦, which are counted in Figure 6,
but not counted for Γmax=0.1 (Figure 7) Evidently the magnetic field along the polarization
band has a tendency to rotate roughly 20◦–40◦ away from the sightline in parts of the second
Galactic quadrant. This result is consistent with the mean polarization position angles
plotted in §5.
4. Least-squares Analysis of the Best-fitting Magnetic Pole
Mapping overlapping polarization position angle swaths gives qualitative but not quan-
titative results on the direction of the magnetic field. An important symmetry of the po-
larization band data will be given by the direction of the dipole component of the magnetic
field. The best-fitting magnetic pole to a set of position angle data can be found by perform-
ing a least-squares fit to sine(θPA). We find below that the dominant dipole component of
the magnetic fields for two well-defined subsets of these polarization data, the polarization
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band (§4.1) and the filament stars (§4.2), reflect the geometry of the heliosphere rather than
the local interstellar gas.
A two-parameter least-squares fit is performed on position angles for subsets of the
data in order to determine the most probable location for the magnetic pole sampled by
these data. The dipole component of the magnetic field, toward `pole,bpole, can be found
by minimizing the sum of the weighted values of sin(θPA) for the stars. Data points are
weighted using values of P/dP , rather than values of (P/dP )2, in order to minimize biases
introduced by the heterogeneous underlying data sample where P/dP varies systematically
between sets of data. In addition, P/dP is capped at P/dP<6 to minimize biases from
possible unrecognized intrinsic stellar polarizations.
The expected value for the sine of each polarization position angle PAi is zero so the
chi-squared variance (vari) of each measurement i is sin(PAi ) for N data points. The least-
squares estimate of the sky position of the magnetic field will be at the location `pole, bpole
given by the minimum of the variance of the data points:
S`,b =
N
N − 2Σi
wi(sin(PAi,obs)− sin(PAi,`,b))2
wi
. (1)
The location `pole, bpole of the minimum in S`,b is determined by constructing a grid on the
sky of 360x180 points (the Lrot, Brot grid) and evaluating S`,b at each location on the grid.
Contours of χ2 are evaluated and plotted for the polarization band stars (§4.1) and the
filament stars (§4.2), using a red contour to indicate standard uncertainties that are 68.3%
probable where χ2 = 2.30 (Figures 9 and 10).
4.1. Quantitative Analysis of the Polarization Band
The polarization band feature shown in Figures 4 and 5 arises from a locus of points
in the sky where the interstellar magnetic field has a relatively high probability of being
parallel to the sightlines. A subset of data that best traces the polarization band feature
is selected to include stars with probabilities Γ(Lrot,Brot)> 1.5 for tracing an interstellar
magnetic field orientation that is within 10◦ of the polarization band (i.e. as given by the
equator of a sphere with a pole located at the axis of the polarization band, §3.1, Table 1).
Stars that trace the filament of polarizing dust grains around the heliosphere (Frisch et al.
2015a) are excluded from this subset since those polarization position angles are expected
to have a different origin than that of the polarization band. Fifty-seven non-filament stars
are found to have probabilities Γ(Lrot,Brot)> 1.5 for tracing a magnetic field pole within 10
◦
of the polarization band equator. Note that the filament stars were not excluded when the
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polarization band feature was first identified in Figure 4, but are excluded here where the
origin of the polarization band is tested. The data for these 57 stars include polarization
data collected during the 20th century (25 stars) and data collected in the 21st century.
The diversity of data sources indicates that instrumental biases are unlikely to dominate the
properties of the polarization band. The polarization band defined by these 57 stars then
provides the basis for a least-squares analysis to determine the best-fitting magnetic field
orientation to the polarization band.
A two-parameter least-squares fit was performed to the polarization position angles of
these 57 stars to determine the most probable values of the interstellar magnetic pole sampled
by these data. The location of the minimum in S`,b (equation 1) is at ecliptic coordinates
`, β = 247◦, 82.2◦(±4.5◦), for the χ2 = 2.3 fit (red contours, Figure 9), indicating that the
best-fitting magnetic pole to the 57-star polarization band is within 7.8◦ of the ecliptic poles
(Table 1 gives values for galactic and equatorial coordinate systems). Figure 9 shows the
χ2 contours of likelihood that a magnetic pole is found at each location for the 57 stars, in a
linear (left) and a stereographic projection that is centered on the north ecliptic pole (right).
The equator of the polarization band feature, with respect to the axis of the polarization
band (Table 1), is based on a larger sample of stars that includes the filament stars and is
17.6◦ away from the ecliptic poles at the position of closest approach. The polar location
of the best-fitting magnetic pole to the 57-star sample of the polarization band suggests
strongly that the dust grains are aligned with respect to the ISMF that is distorted by
interactions with the heliosphere.
4.2. Quantitative Fit to Filament Stars
A quantitative least-squares fit was performed to the polarization position angles of the
13 filament stars originally identified in Frisch et al. (2015b). The best-fitting magnetic field
orientation found from the least-squares analysis of these filament stars is toward `= 5.9◦ ±
8.2◦, b= 17.0◦ ± 3.5◦, a result consistent with the earlier value (Frisch et al. 2015a). Table
1 gives the filament magnetic pole in ecliptic coordinates. Figure 10 shows the χ2 contours
for the filament stars in ecliptic coordinates, centered on the ecliptic nose (left) and in a
stereographic projection centered on the north ecliptic pole (right). The red contour shows
the χ2 = 68.3% probability contour.
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5. Mapping Magnetic Field Mean Position Angles
The methodology described in §3 is analogous to mapping values of θrot according to
preset probability bins. An alternate display of magnetic field structure relies on plotting
mean values of θrot at each location Lrot, Brot without imposing constraints on the probability
Γ(Lrot,Brot). Direct mapping of θrot is useful only if the mapped data are required to have
measurable polarization signal so data are also required to have P/dP> 1.9 for inclusion in
figures mapping θrot. Figures 11 and 12 show the mean values of θrot for each location for a
sampling radius of ±45◦. Maps are displayed in linear (left columns) and logarithmic (base
10, right columns) color scales. Figure 11, top right, where mean position angles are plotted
on a logarithmic color scale, shows that the heliosphere nose region and the polarization
band in the first galactic quadrant are dominated by θrot∼ 25◦ − 30◦ or less. The high-
pressure region south of the ecliptic nose is seen in Figure 12 to be dominated by mean
polarization position angles of θrot>50
◦. The large values for θrot in this region are expected
if these polarizations are influenced by the draping of the interstellar magnetic field over the
heliosphere, since this is the region of maximum magnetic pressure according to models of the
heliosphere (Pogorelov et al. 2011) and where the IBEX ENA ribbon forms (Zirnstein et al.
2016). The direction of the interstellar magnetic field traced by the IBEX ribbon, marked
by the “B”, is in a region where θrot varies spatially and tends to be θrot>50
◦. However the
smoothing radius for these figures is ±45◦ so the plotted mean θrot should not be expected
to aligned directly with the magnetic field direction if the field orientation spatially varies
as expected during the interaction with the heliosphere. The heliosphere nose region clearly
stands out as a region where the magnetic field is quasi-parallel to sightlines.
6. Discussion
The patterns of the interstellar magnetic field found for stars within 15 pc show strong
geometric symmetries related to the interaction between dust-bearing interstellar magnetic
fields and the heliosphere, and extended patterns of field directions with angles larger or
smaller than ∼ 19◦ − 37◦ with respect to sightlines (depending on probability selection
criteria). These extended patterns may trace either purely interstellar field directions or the
interaction between the interstellar magnetic field and the heliosphere.
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6.1. Polarization Band
The most unexpected feature in this study is the polarization band created by the
overlapping position angle swaths (Figures 1, 4). The band was identified in an unbiased
plot of all data that had probabilities larger than Γmin=1.5 for tracing an ISMF direction
toward the Lrot,Brot locations. Selection of data for mapping with the statistical condition
Γ(Lrot,Brot)>Γmin=1.5 restricts plotted data to tracing magnetic field directions that are
nearly parallel to the sightlines and only stars with relatively large values of P/dP would
qualify for plotting under this condition.
The band is tilted by 23◦ with respect to the galactic plane and has a geometry that
follows a great circle with an axis at `=214◦, b=67◦. The band was discovered and plotted
using the statistical constraint Γ(Lrot,Brot)> 1.5 that counts values of θrot close to sightlines.
The best visual rendition of the polarization band is obtained for the logarithmic color
scale for Γ(Lrot,Brot)<Γmax=0.63 and αmax=60
◦ in Figure 6, where the statistical constraint
corresponds to the counting of position angles with θrot larger than about 19
◦ with respect
to sightlines Lrot, Brot. Color-coding in this map plots non-compliant data (θrot less than
about 19◦) as reddish regions. Figure 6 is dominated by regions with high counts of data
that comply with this constraint (blue-green regions, θrot> 19
◦), including green filamentary
structures where roughly one-third of the data do not comply with the statistical constraint
and have θrot values oriented quasi-parallel to sightlines. The band is most prominent in
the galactic interval ` = 0◦ − 180◦, corresponding to regions in the ecliptic north of the
heliosphere nose.
In Figure 6 the polarization band is visible as a feature with lower fractions of statisti-
cally compliant data for all intervals along the great circle except for a gap centered in the
third galactic quadrant (or equivalently south of the ecliptic nose). The origin of the gap
is ambiguous because it corresponds spatially to both galactic features and heliospheric fea-
tures. In a galactic context, the polarization band gap is centered on the center of the Loop
I superbubble, which models and data indicate has expanded to the solar vicinity (Frisch
& Dwarkadas 2018). In the heliospheric context the band gap is centered on the regions
south of the heliosphere nose where IBEX ENA data show that plasma pressures are highest
(McComas & Schwadron 2014), and MHD heliosphere models find that both plasma and
magnetic pressures are highest, with the larger magnetic pressures centered somewhat south
of the maximum thermal pressure (Pogorelov et al. 2011).
Mean polarization position angles are determined using a smoothing radius of αmax=45
◦
in Figures 11 and 12. The nose-centered ecliptic projection shows that the ISMF has angles
larger than 40◦ with respect to the sightline in the region of the IBEX ENA pressure bulge.
This same region overlaps the location of the IBEX ribbon (McComas et al. 2009) that is
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predicted to originate with magnetic field lines draping over the heliosphere so that they are
perpendicular to sightlines (Schwadron et al. 2009). Throughout the ecliptic north section
of the band, the ISMF is within about 30◦ of the sightline.
The band symmetry is not likely to be related to galactic phenomena. The small offset
of the Sun above the galactic plane (∼ 15◦, Cohen 1995) should not influence small scale
structure in the nearby interstellar material or magnetic field. The inter-arm interstellar
magnetic field in the solar neighborhood of the Galaxy toward `=82.8◦ ± 4.1◦ (Heiles 1996)
has a direction that differs significantly from the interstellar field orientation shaping the
heliosphere based on the IBEX ribbon center (Table 1).
A possible explanation for the low inclination of the polarization band feature with
respect to the galactic plane is that the solar rotational and the ecliptic poles make small
angles with respect to the galactic plane. The poles of the ecliptic are tilted by 30◦ with
respect to the galactic plane and the northern pole of the solar rotational axis is located at
`=94◦, b=23◦. The Cassini belt of 5.2–55 keV ENAs also follows the configuration of the
galactic plane but does not align with the polarization band (Appendix C).
The dipole component of the magnetic field traced by the 57 stars that trace the po-
larization band (Table 1) is within 7.8◦ ± 4.5◦ of the ecliptic poles. The polarization band
great circle passes within 5.0◦ ± 1.4◦ of the heliosphere nose, within 0.9◦ of the warm breeze
direction, and within 17.6◦ of the ecliptic poles at the locations of closest approach. The ge-
ometric relation between the polarization band symmetries and heliosphere features suggest
that the polarization band is related to the interaction of the heliosphere with dust-bearing
interstellar magnetic field lines.
The polarization band divides the upwind heliosphere between the port and starboard
sides of the heliosphere, and is disrupted in the regions of high plasma pressure south of the
heliosphere nose. Magnetic turbulence in these high plasma pressure regions may disrupt the
magnetic field south of the heliosphere nose so the polarization band is no longer a distinct
magnetic feature. An alternate possibility is that the field lines are quasi-parallel to the
heliopause in the gap and therefore lack a component that is parallel to sightlines for this
region. This is a configuration that MHD heliosphere models predict (e.g., Zirnstein et al.
2016)
The magnetic pole of the polarization band from least-squares fitting (§4.1) is located
96◦ away from the central portion of the region of highest ion pressures found by IBEX.
The polarization band also has a gap that coincides with this high-pressure region. IBEX
skymaps of ENA distributions allow direct comparison between the heliosheath regions and
the magnetic field traced by the polarizing dust grains. ENA maps can be separated into two
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principal components, a globally distributed ENA flux and the excess ENA fluxes of the IBEX
ribbon (Schwadron et al. 2014b). Globally distributed ENAs arise in the inner heliosheath
regions.7 An extended asymmetrical region of maximum plasma pressure was found in the
globally distributed ENAs (McComas & Schwadron 2014). The high pressure region is
centered near λ=255◦, β=–14◦, south of the heliosphere nose (Figure 6). MHD models of
heliosheath pressures predict a maximum for magnetic pressure south of the heliosphere nose
and south of maximum thermal pressure region (Pogorelov et al. 2011).
These geometrical properties suggest the polarization band is a heliospheric feature,
but interstellar origins are not ruled out. We have searched for possible interstellar features
that spatially coincide with the axis of the polarization band great circle, located at `=214◦,
b=67◦. The first test was to search for a correspondence between the location of the axis of
the polarization band and either the LSR velocity vectors (Frisch & Schwadron 2014), or the
heliocentric velocity vectors of clouds in the 15-cloud model (Redfield & Linsky 2008a). If
the band arose from an interaction between an interstellar cloud and the heliosphere, then
the heliocentric velocity (measured in the inertial frame of the Sun) would be relevant, while
if the band is a purely interstellar phenomena the LSR velocity would be relevant. However,
neither the heliocentric nor LSR velocities of the 15 clouds match the direction of the axis
of the polarization band.
The next possibility is to search for a geometric coincidence between the polarization
band axis and the location of one of the 15 clouds. This comparison is more success-
ful and the band axis is found to be directed close to the Leo cloud as defined in the
15-cloud model. Both polarization data and hydrogen column density data are available
for the star α Leo (HD 87901, 24 pc). Two interstellar components are in front of α
Leo. Gry & Jenkins (2017, GJ17) assign one of these components to the LIC. Redfield
& Linsky (2008a) place this same Leo component in a different cloud but allow the LIC
as a possible assignment. The total interstellar hydrogen column density toward α Leo is
N(Ho)+N(H+)= 2.83 (+1.18,−0.69)× 1018 cm−2. The polarization of α Leo has also been
measured, with P=36.7 ppm although a contribution from rotational flattening of the star
is possible (Bailey et al. 2010; Marshall et al. 2016; Cotton et al. 2016, 2017a,a). 8
7Outflowing ENAs created by the first charge-exchange between the solar wind and interstellar n(Ho) can
not be measured by IBEX. A second charge exchange with heliosheath plasma casts ENAs back toward the
IBEX detectors for in situ measurements.
8The polarization of α Leo has not been utilized for the figures in this paper because the star is at 24 pc,
however we tested the direction of the polarization position angle of α Leo and find that it has a probability
Γ(Lrot,Brot)>1.5 of tracing an interstellar magnetic field direction that is within 15
◦ of the polarization band
great circle.
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Utilizing the standard relations between hydrogen column densities and polarization
strengths(footnote 1), the polarization strength of α Leo predicts column densities of N(Ho)+N(H+)=
2.4 × 1018) cm−2 that are close to the measured values. It is therefore plausible that the
LIC cloud, which contains roughly 70% of interstellar gas in the α Leo sightline for the Gry
Jenkins model, is associated with an interstellar disturbance that creates the polarization
band.
A puzzling and probably coincidental geometry is that the polarization band great circle
passes through the direction of the solar apex motion, 9 to within 1.4◦± 3.6◦. The motion of
the Sun through the LSR toward the apex of solar motion could affect the polarization band
configuration if it forms where the interactions between the solar and interstellar magnetic
fields (as first modeled by Yu 1974) are distorted by the solar apex motion.
6.2. Magnetic Field Direction and IBEX Ribbon
The mean magnetic field directions displayed in Figures 11 and 12 provide an oppor-
tunity to directly compare the magnetic structure of the IBEX ribbon and the interstellar
field lines traced by the polarization data. Two ribbon regions are notable in the IBEX 2.2
keV map showing seven years of data (Figure 23 in McComas et al. 2017). The first ribbon
segment is located at ecliptic coordinates λ=210 ◦– 240◦, β∼ −30◦. The second ribbon
segment is located at λ=0◦–315◦, β=30◦– 60◦. Mean polarization position angles are shown
for these regions in the nose-centered ecliptic projection in Figure 12, upper left. Both of
these two IBEX ribbon regions correspond to locations where the mean polarization position
angles are inclined to the sightlines by over ∼ 60◦. Future higher spatial resolution studies
of the magnetic field may provide confirmation that the IBEX ribbon is found in sightlines
where the magnetic field is perpendicular to the sightlines.
6.3. Polarization Band and Bchm–Vchm Plane Symmetry of the Heliosphere
The 40◦ angle between the heliocentric CHM velocity of interstellar neutrals (Vism) and
interstellar magnetic field direction (Bism) leads to differences between the propagation of in-
terstellar neutrals and charged particles through the outer heliosheath due to Lorentz forces.
9The heliosphere is shaped by the ISMF, the Doppler combination of the interstellar wind velocity through
the LSR and the motion of the Sun toward the ”solar apex direction”. The solar apex motion consists of a
solar LSR velocity of 18.1± 0.9 km s−1 toward `=47.8◦ ± 3.0◦ b=23.7◦ ± 2.1◦ (Frisch et al. 2015b).
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A warm breeze of secondary interstellar He◦ atoms, originating mainly with interstellar he-
lium ions displaced by Lorentz forces,10 was discovered by IBEX and confirmed by Ulysses
(Kubiak et al. 2014; Schwadron et al. 2015a, 2016; Kubiak et al. 2016; Bzowski et al. 2017;
Wood et al. 2017). The spatial offsets between the directions of primary and secondary neu-
trals are aligned with the Bchm–Vchm plane (Figure 13, adapted from Schwadron et al. 2015b;
Schwadron & McComas 2017), The magnetic field direction in Figure 13 (star) is given by
MHD models of the IBEX ribbon (Zirnstein et al. 2016). Primary He◦ and Oo populations
define the inflow direction of undeflected interstellar neutral. Secondary He◦ neutrals (the
warm breeze) are shifted along the Bchm–Vchm plane due to the Lorentz deflection of parent
ions (Kubiak et al. 2016; Bzowski et al. 2017; Wood et al. 2017). The Ho population is a
mix of of primary and secondary atoms and is shifted along the Bchm–Vchm plane (Lallement
et al. 2010).
The great circle of the polarization band (red line) passes through the heliosphere nose
(making an angle of 5.0◦±6.7◦ with respect to the upwind He◦ directions). The polarization
band also overlaps the direction of the warm breeze of secondary He◦ atoms and the filament
ISMF locations.
The polarization band is canted toward a different direction than the B-V plane but
appears to have a similar slope as the locus of the energy-dependent centers of the IBEX
ribbon (Funsten et al. 2013, five black crosses in Figure 13). The lowest energy ribbon data
point (at 0.7 keV, see Schwadron et al. 2015b) deviates slightly from the alignment of the
ribbon points (Figure 13).
The dipole component of the magnetic field of the filament of polarized dust grains
(§4.2) is not plotted in Figure 13 but it coincides with the He◦ warm breeze direction (the
angle between the two directions is 5.2◦±11.8◦) so that the dust filament also traces the B-V
plane. The Bchm–Vchm plane appears to have an influence on the polarization band because
they cross near the nose and warm breeze directions, but they trace different Lorentz forces
because their slopes differ.
The deflection of interstellar dust grains by heliosheath magnetic fields is well established
both observationally and theoretically, including a prediction of dust plumes around the
heliosheath (Frisch et al. 1999; Landgraf 2000a; Landgraf et al. 2000; Mann & Czechowski
10Interstellar neutrals are ionized by charge-exchange with plasma in the outer heliosheath regions to form
a new secondary ion population. Both the pristine interstellar ions and the secondary ions will charge-
exchange with the interstellar neutrals to produce “secondary neutrals”. Secondary neutrals have small
angular offsets along the Bchm–Vchm with respect to the directions of the primary neutrals, which is caused
by the actions of the Lorentz force on the parent ions (Bzowski et al. 2017).
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2004; Mann 2010; Slavin et al. 2012; Kru¨ger et al. 2015; Sterken et al. 2015; Alexashov et al.
2016).
6.4. Filament of Polarizing Dust
The filament polarizations (§4.2, Frisch et al. 2015b,a) and the warm breeze of deflected
interstellar neutrals (Kubiak et al. 2014; Bzowski et al. 2015; Kubiak et al. 2016; Schwadron
et al. 2016; Wood et al. 2017; Bzowski et al. 2017) trace the same interstellar upwind direction
at the heliosphere nose (Table 1). The alignment of these two directions suggests that the
parent interstellar ions of the secondary neutral atoms, and the charged interstellar dust
grains, are trapped in the same interstellar magnetic field lines that are interacting with
the heliosphere. Both populations would be guided through the outer heliosheath by mass-
independent interactions with the draped interstellar magnetic field.
Warm breeze atoms survive to the inner heliosheath where they are measured by IBEX.
Interstellar dust grains are also measured in the inner heliosphere so that it is possible some
filament dust grains reach the inner heliosphere, where they would comprise the lower end
of the interstellar dust mass spectrum detected in situ, and have been predicted by models
of the entry and propagation of interstellar dust through the heliosphere (Frisch et al. 1999;
Landgraf 2000b; Mann & Czechowski 2004; Slavin & Frisch 2008; Slavin et al. 2012; Sterken
et al. 2013; Ma et al. 2013; Kru¨ger et al. 2015).
The filament polarizations 11 possibly arise in the grains trapped in the laminar inter-
stellar magnetic field observed in the outer heliosheath where Voyager 1 is approaching the
interstellar medium (Burlaga et al. 2018), 30◦ north of the heliosphere nose and in a sight-
line adjacent to the polarization band. Weak Kolmogorov turbulence observed by Voyager
1 is consistent with an outer scale corresponding to a cloud boundary at 0.01 pc. These
low levels of magnetic turbulence in the outer heliosheath would minimize the disruption of
grain alignment.
MHD models of dust propagation in the heliosphere predict deflected dust grains in
these same locations (Slavin et al. 2012). Filament star polarizations are plotted in Figures
7 and 8. Five filament stars in the ecliptic-north of the heliosphere nose are also located
toward the polarization band. Eight stars below the heliosphere nose (in ecliptic projection)
11Evidence for a filament of dust around the heliosphere was originally presented by Frisch et al. (2015a),
who identified sixteen stars, 6–33 pc, with polarization position angles that were best fit with an interstellar
field orientation at `,b=357◦,17◦ (±11◦).
– 29 –
have polarizations that veer northwards of the polarization band.
Interstellar magnetic field lines interacting with the heliosphere have different possible
effects on dust grain polarizations. Twisted magnetic field lines and unorganized depolar-
ization screens would have different effects on linearly polarized starlight. Thick foreground
screens of randomly oriented dust grains will act to depolarize light. A twisted magnetic field
in a thin low density region will also twist polarization position angles without disrupting the
attachment of the grains to the magnetic field lines because of the long collisional timescales
required for the grain to sweep up enough gas mass to disrupt the grain alignment. The low
levels of magnetic turbulence found in the outer heliosheath by Voyager 1 (Burlaga et al.
2018) would minimize disruption of grain alignment.
Polarization strengths can arise from the photon path through interstellar clouds before
reaching the heliosphere, but grains must stay tightly coupled to the ISMF interacting with
the heliosphere to explain the polarization filament. The polarization strengths for nearby
stars tend to be comparable to strengths expected from standard ratios between interstellar
N(Ho), E(B-V), polarization strengths (footnote 1), however neither interstellar ions nor
radiative torques are included in these standard relations (Frisch et al. 2015b).
6.5. Polarizations and the Voyager Low-frequency Plasma Emissions
During the years 1992–1994 the plasma wave instruments on the Voyager 1 and 2 space-
craft detected 12 sources of low-frequency radio emissions formed beyond the heliopause (see
Kurth & Gurnett 2003). Triangulation of source directions gave the locations of the emitting
regions, which were found to be at 113–139 AU for the primary solutions, placing the events
beyond the heliopause in the upwind regions of the heliosphere. The plasma oscillation
frequency is consistent with electron plasma oscillations that originate from interstellar gas
with density 0.08 cm−3 (Gurnett et al. 2013, in agreement with models of the interstellar
electron density at the heliosphere boundary, Slavin & Frisch 2008). The emissions arise
from Langmuir waves initiated by the effects of the impact of plasma from a solar storm on
the outer heliosheath region. A magnetic field direction that is not in the plane of the sky
permits the propagation of Langmuir waves upstream of the heliopause (Mitchell et al. 2004).
Kurth & Gurnett (2003) pointed out that the source regions of the low-frequency emissions
were roughly aligned along the galactic plane. (The locations of the ≈ 3kHz emissions are
shown on the figures with asterisks). Most of these emission events (75%) are located close
is to the equator of the polarization band, and on the port side of the heliosphere nose. The
emissions on the starboard side of the heliosphere are located above the polarization band
by ten degrees or more. The low frequency plasma emissions avoid tracing interstellar mag-
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netic field directions near the plane of the sky for the Γ(Lrot,Brot)< 0.63 statistical criteria of
Figures 7 and 8. The distance interval over which the radio emissions were detected (Kurth
& Gurnett 2003) is comparable to the distances predicted by 3D MHD heliosphere models
of interstellar grains deflected around the heliosphere (Slavin et al. 2012). The geometric
coincidence between the polarization band feature and most of the low frequency plasma
emission events suggest they are affected by magnetic fields that are located in the same
region of the outer heliosphere beyond the heliopause.
The heliosphere nose region clearly stands out as a region where values of θrot are very
small so that the interstellar magnetic field is quasi-parallel to the sightlines.
6.6. Impact of Loop I on Local Interstellar Magnetic Field
The encroachment of an expanding superbubble on the solar neighborhood, as indicated
by both models and data describing Loop I (Frisch & Dwarkadas 2018, FD18), should affect
the ISMF within 15 pc. The interstellar magnetic field configuration in the tangential regions
of the Loop I shell is well determined from polarized starlight that indicate the Loop I
perimeter is a magnetically defined feature (Santos et al. 2011), which approaches to within
40 pc of the Sun near ` ∼ 25◦ if it is spherically symmetric (FD18]. The concentric circular
lines in Figures 7 and 8 outline the X-ray feature in the sky that has been proposed as an
interaction ring between Loop I and the Local Bubble (Egger & Aschenbach 1995). The
smallest angular sampling used here is ±45◦ (for Γ(Lrot,Brot)< 0.10, Figure 8) and shows
that nearby regions interior to the innermost shell contour have preferred interstellar field
orientations that are dominated by magnetic field angles larger than∼ 37◦ with respect to the
sightlines (dark blue). The Γ(Lrot,Brot)<Γmax=0.63 (Figure 6) indicates that the dominant
blue regions inside of Loop I shell are within 40◦ of the plane of the sky. The interior of
Loop I and the location of highest heliosheath plasma pressures extend over similar regions
of the sky.
Figure 6 shows maps of magnetic structure for Γ(Lrot,Brot)< 0.63 plotted with a logarith-
mic color scale. Those maps show that an elongated organized green polarization filament
is found within 15 pc that corresponds to the eastern side of the southern part of Loop I,
south of the galactic plane for figures in galactic coordinates. Equivalently this filament
is east of the heliosphere nose for plots in ecliptic coordinates. The alignment of the local
filament with the Loop I superbubble shell suggests strongly that Loop I has expanded to
the solar location. Previous work has also shown that polarization strengths rise steadily
with distance in this region (Bailey et al. 2010).
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6.7. Magnetic Structure and Local Interstellar Medium
The role that magnetic fields play in the configuration of local interstellar clouds is not
known. Striations or filaments that align with the direction of the interstellar magnetic field
are common in high-latitude diffuse interstellar regions (Clark et al. 2016). Interstellar gas
within 15 parsecs fills less than 20% of space, and is asymmetrically distributed around the
heliosphere so that filamentary structures are allowed by the data. The closest interstellar
cloud is the Local Interstellar Cloud (LIC, see footnote 2), which is observed mainly towards
stars in the galactic anti-center hemisphere (Figures 7, 8). The LSR velocities of the gas
and dust flowing through the heliosphere yield an upwind direction in the direction of the
center of the Loop I superbubble (FRS11, Schwadron et al. 2014a). The angle between the
heliocentric velocities of the CHM (Schwadron et al. 2015a)) and the LIC (Redfield & Linsky
2008a) is 4.3◦±2.6◦. The absence of kinematical components at the LIC velocity toward the
nearest star α Cen and toward 36 Oph, 7 pc beyond the heliosphere nose (Wood et al. 2000),
has several possible explanations, including that the Sun is at the edge of the LIC for the
nose direction of the heliosphere, that the CHM is not part of the LIC, or that rapid speed of
the LIC through the LSR (17.2±1.9 km s−1) and the long collisional time scales (millions of
years) decouple LIC neutrals from the LIC ions, which couple tightly to the magnetic field.
Note that the LIC border extends to the location of the IBEX interstellar magnetic field
location, shown by the “B”, on maps with the highest spatial resolution of 45◦ (Figure 8)
and other maps.12 A transition to magnetic field orientations that are dominated primarily
by angles within ∼ 37◦ of the radial sightlines (low counts of data with Γ(Lrot,Brot)<0.1) is
found over most of the interior of the LIC above galactic latitudes of –60◦. Figure 8 shows
that the LIC does not extend to sightlines in front of the interior of the Loop I shell, which
is dominated by high counts of data meeting the statistical condition Γ(Lrot,Brot)< 0.10
(green/blue regions). Results based on maps with Γ(Lrot,Brot)< 0.63 are consistent with
those based on Γ(Lrot,Brot)< 0.10.
If the CHM belongs to the LIC then IBEX data show that the LIC and the interstellar
magnetic field are perpendicular (§1). The interstellar magnetic field in the upwind direction
of the LIC LSR motion should therefore be dominated by magnetic field directions that
are quasi-parallel to the plane of the sky since the apex direction is 31◦ from the ISMF
defined by the IBEX ribbon. These results on the magnetic field orientation support such a
configuration. IBEX data show that the interstellar magnetic field and LSR velocity vector
of the CHM are perpendicular, with an upwind direction toward the center of the Loop
12The LIC configuration (Redfield & Linsky 2008a) was defined before the IBEX ribbon was discovered
(McComas et al. 2009) so they are not biased by knowledge of the ribbon ISMF direction.
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I superbubble. LSR velocities of interstellar absorption lines in nearby stars indicate an
upwind direction of the CLIC toward the Loop I superbubble (FRS11). The favored local
ISMF direction toward the interior of the Loop I superbubble shell is quasi-parallel to the
plane of the sky (Figures 6–8), which is consistent with the perpendicular relation between
velocity and magnetic field direction directly observed by IBEX and favored for LIC and
CLIC by the field directions displayed here.
6.8. Magnetic Field in BICEP2 Region
The spatial region searched by the BICEP2 experiment for evidence of B-mode polar-
izations of the cosmic microwave background signal (Ade & the BICEP2 team 2014), is
outlined with cyan-colored contours in Figures 7 and 8. The nearest 15 pc of the BICEP2
region contains a high percentage of polarization position angles with angles larger than 37◦
with respect to the sightlines, according to the statistical criteria Γ(Lrot,Brot)< 0.1. Such a
magnetic configuration would favor the detection of synchrotron emissions should they arise
in this local region and would inhibit the detectability of Faraday rotations of background
sources.
6.9. Small-Scale Structure in Cosmic Ray Data
IceCube IC59 maps of cosmic rays in the TeV–PeV energy range at declinations less than
–30◦ identified regions showing excesses of cosmic rays over small angular scales, 10◦ or less
(Abbassi & IceCube Collaboration 2012; Aartsen & IceCube Collaboration 2016). Figures
7, 8 show that the IC59 events arrived from directions that are outside of the LIC and where
magnetic field directions with angles larger than ∼37◦ with respect to sightlines dominate.
The lack of IC59 sources inside of the LIC suggests that the LIC impedes the propagation
of galactic cosmic rays to the heliosphere. It is not possible to make a clear-cut statement
about the magnetic field orientation in the LIC using Figure 8, with an angular resolution
of ±45◦, since a range of field directions are found inside of the cloud. Global properties of
the magnetic field orientation outside of the LIC show extended regions where the magnetic
field orientation is quasi-parallel to the plane of the sky. If the IceCube IC59 tiny structures
originate in the interstellar medium then possible reconnection between magnetic fields may
allow the inward-directing cosmic rays. The IC59 source angular widths of 10◦ or smaller
are not resolved by the maps in this paper.
The structure of the magnetic field surrounding the heliosphere impacts the propagation
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of PeV cosmic rays into the heliosphere. The interstellar magnetic field around the helio-
sphere will be frozen into the partially ionized CHM (ne∼ 0.08 cm−3, magnetic field strengths
∼ 3 µG, FRS11). The 15-cloud model lacks interstellar absorption components at the LIC
velocity towards nearby stars over most of the galactic center hemisphere. If the CHM is
part of the LIC this indicates a distance to the LIC edge, 0.1 pc, that is comparable to the
gyroradius of 2.5 PeV cosmic rays. The magnetic structure traced by the local polarization
data will influence trajectories of cosmic rays with energies up to 250 PeV or more.
7. Summary and Conclusions
We have used new data from eight observatories in both hemispheres and data in the
literature on linearly polarized starlight to map the structure of the local interstellar mag-
netic field within 15 pc. Magnetic structure is evaluated two ways, by evaluating sightlines
where multiple stars predict the magnetic fields with the same orientation using statisti-
cal considerations, and with a least-squares-fit that finds the most probable magnetic field
orientation for subsets of the data. Magnetic features have been discovered that can be
attributed to the local interstellar medium and to the interaction between interstellar dust
and the heliosphere. Magnetic structure maps are presented in three coordinate systems,
galactic, ecliptic, and equatorial, to facilitate comparison with other sets of data.
The initial expectation for this study was that the interstellar polarizations of nearby
star would reveal the structure of the ISMF in the interstellar medium within ∼ 15 pc. This
expectation proved to be incorrect and instead the most recognizable structures in these
data are related to the heliosphere.
The primary results of this study are:
(1) A prominent polarization feature is found that consists of a polarization band (PB)
that extends throughout much of the sky and displays magnetic field orientations that are
quasi-perpendicular to the plane of the sky. The PB is more prominent in the first two
Galactic quadrants and has a gap in the fourth galactic quadrant, corresponding to south of
the ecliptic nose. The PB configuration can be described with a great circle that has an axis
toward `=214◦, b=67◦, and is tilted by 23◦ with respect to the galactic plane. A least squares
fit to the best data tracing the polarization band yields the dipole component of the magnetic
field aligned with λ= 247.0◦, β=82.2◦ (±4.5◦), which is close to the ecliptic poles. The PB
also passes close to the heliosphere nose, to the dipole component of a magnetic field traced
by a dusty filament, and to the direction of the warm breeze of secondary interstellar neutrals
discovered by IBEX. Plots of the mean magnetic field direction along the polarization band
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show values within ∼ 30◦ of the sightlines in the ecliptic north of the heliosphere nose.
(2) Seventy-five percent of the low-frequency kHz radio emissions discovered beyond
the heliopause by the Voyager spacecraft follow the alignment of the polarization band. By
coincidence the polarization band is close to the direction of Voyager I, and close to the
direction of the solar apex motion.
(3) The geometrical relation between the polarization band and structure of the helio-
sphere strongly suggests that the polarization band represents a magnetic symmetry of the
heliosphere that is traced by interstellar dust grains entrained in the ISMF interacting with
and draping over the heliosphere. The PB separates the flow of dust between the port and
starboard heliosphere flanks. Similar results for dust interacting with the heliosphere have
been predicted by several theoretical studies.
(4) The nose region of the heliosphere stands out clearly as a region where the magnetic
field direction, as traced by rotated polarization position angles, is quasi-parallel to sightlines.
Mean polarization position angles in this region are within ∼ 30◦ of sightlines
(5) Two regions selected from the IBEX ribbon configuration show magnetic field ori-
entations that are inclined by more than ∼ 60◦ with respect to sightlines.
(6) The magnetic structure of the LIC is not yet clear, but the boundaries of the LIC
tend to correspond to regions where the ISMF is quasi-parallel to the plane of the sky, i.e.
oriented more than 37◦ from the sightlines. Maps with smaller sampling angles than the
smallest values of ±45◦ in this paper are needed for more detailed comparisons between the
LIC and magnetic structure.
(7) Filamentary magnetic structures that overlap the Loop I shell are found within 15
pc of the Sun. The interior of Loop I is dominated by magnetic field directions with angles
larger than 37◦ with respect to the sightlines. The Loop I interior also coincides with the
region of highest heliosheath pressures identified by IBEX.
(8) Both the heliosphere nose region and a second region near `∼ 280◦, b∼ 15◦ stand out
on the magnetic structure maps as regions that display predominantly interstellar magnetic
field directions that are within about 19◦ of the sightlines.
(9) The Ice Cube small scale cosmic ray sources (IC59) are located outside of the LIC
and are found in locations where the dominant ISMF directions tend to have angles greater
than 37◦ with respect to the sightline. These cosmic ray sources also tend to be found
in the region of highest heliosheath pressure. Maps with angular smoothing smaller than
the smallest resolution, ±45◦, used in this study are needed to identify local magnetic field
directions more precisely.
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(10) The axis of the polarization band is directed toward the Leo cloud. A possibility
for an interstellar origin of the polarization band is that the band geometry corresponds to
the geometry of the kinematically defined Cetus Ripple found by Gry & Jenkins (2014a).
However, the LSR velocity of the Cetus Ripple heliocentric velocity indicates that it flows
away from the Aurigae cloud and is unrelated to the LIC.
(11) The polarization band does not appear to be related to the Cassini ENA belt,
which has a tilt angle of about 30◦ with respect to the galactic plane and does not follow a
great circle.
The polarization band discovered here establishes that the interaction between the he-
liosphere and the interstellar medium creates an ordered magnetic structure that may cause
a weak foreground contamination of astrophysical data that are sensitive to a magnetized
and/or dusty plasma.
We have shown that our statistical filtering of the magnetic field directions traced by
multiple polarization position angles is also capable of yielding quantitative information
about the orientations of the local interstellar magnetic field. We have not yet mapped the
extent of the ISMF that shapes the heliosphere. Sorting interstellar from the unexpected
heliospheric contributions to the observed polarizations of nearby stars is required before the
interstellar component of these weak polarizations are fully understood. Future studies will
expand the general picture of ISMF orientations given in this paper and provide quantitative
on the orientations of magnetic field directions on the sky as traced by polarization position
angles.
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A. Statistical Probability Distribution
The merit function used to determine the probabilities that a polarization position an-
gle measurement traces a magnetic field in a “true” direction is from Naghizadeh-Khouei &
Clarke (1993):
Gn(θobs; θo, Po) =
1√
pi
{ 1√
pi
+ ηo exp(η
2
o) [1 + erf(ηo)]}exp(−
P2o
2
) (A1)
The observed position angle is θobs, the “true” position angle is θo, and Po =
Ptrue
σ
, mean error
σ=dP, ηo =
Po√
2
cos [2(θobs−θo)], and the Gaussian error function erf(Z) = 2√pi
∫ Z
0
exp(−t2) dt.
Polarizations and position angles are derived from the Stokes parameters Q and U. The prob-
ability distribution function is non-Gaussian because of the bivariate nature of the position
angle and the fact that polarizations are always positive while the underlying Stokes param-
eters can be positive or negative. The probability distribution function reverts to a Gaussian
at large probabilities (> 6).
Theoretical probability distributions (eqn. A1) for P/dP=1.9 and P/dP=2.3 are shown
in Figure 14, left, together with the rotated polarization position angles, θrot, for stars located
within 60◦ of the heliosphere nose (Table 1) corresponding to the statistical conditions used to
construct Figure 7. The relative absence of data points with probabilities Γ(Lrot,Brot)> 0.63
This preprint was prepared with the AAS LATEX macros v5.2.
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for tracing an ISMF direction toward the nose of the heliosphere (Figure 14 may indicate
the presence of a depolarizing screen covering the heliosphere nose region. Figure 14 also
suggests that the statistical conditions Γ(Lrot,Brot)>Γmin=1.0 and Γ(Lrot,Brot)>1.5 used for
Figure 4 to define directions near the magnetic field orientation (in green) yield values of
θrot that are within 10
◦–20◦ of the sightlines. The detailed angle between the magnetic field
orientation and the sightline depends on the P/dP of individual stars and will be studied
in more detail in a future study. The statistical conditions Γ(Lrot,Brot)<Γmax=0.1 used in
Figures 7–8 corresponds roughly to rotated polarization position angles θrot at each grid
point that have angles that are larger than 37◦ with respect to the sightlines.
Examples of the probability distributions for θrot are shown for sightlines toward the
nose of the heliosphere and the LSR upwind direction for the CLIC in Figure 14. These
distributions only include stars within 15 pc.
B. Display of Supplementary Data
The polarization band was identified using the entire data set subject to the probability
constraints, inclusive of the filament stars that trace interstellar dust grains interacting with
the heliosphere (Frisch et al. 2015a). In an effort to understand the origin of the polarization
band, the filament stars were omitted from the least-squares fitting process in §4.1. The
great circle describing the polarization band was obtained from the entire data set used in
this study, without omitting the filament stars. The dipole component of the magnetic pole
obtained from the least-squares fit to the best stars tracing the polarization band (§4.1, Table
1) is 17.6◦ ± 6.6◦ from the polarization band at the location of closest approach (`=83.4◦,
b=15.5◦). The exclusion of the filament stars from the least-squares solution for the dipole
component of the polarization band means that the polarization band and fitted dipole
component are based on slightly different subsets of the data that will have slightly different
geometries. There is no prior reason to predict that the axis of the polarization band defined
by the polarization position angle swaths should correspond to the location of the dipolar
magnetic field, especially since the overlapping position angle swaths that create the band do
not intersect the polarization band at right angles (Figure 15). The position angle data that
trace the polarization band are selected as those stars tracing an interstellar magnetic field
falling within 10◦ of the polarization band great circle. The polarization band is discovered
in this study and has not been predicted, so that these results can not be compared to any
formation model.
These auxiliary data that trace structure in the heliosphere are discussed in the text
and plotted on many figures. Here we show the auxiliary data alone, without data on
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magnetic structure. Figure 16 shows the auxiliary data plotted in galactic coordinates, and
centered on the center of the galaxy. Shown on this figure are the LIC (irregular dotted line,
Redfield & Linsky 2008b), the two semi-concentric outlines of Loop I identified by Egger &
Aschenbach (1995) and carefully mapped in polarization data by Santos et al. (2011, semi-
circular red concentric lines), the outline of the low opacity BICEP2 region that has served
as a probe of the cosmic microwave background emission (blue closed curved lines, Ade & the
BICEP2 team 2014), and the IceCube IC59 measurements of small scale structure in the TeV
cosmic ray data (blue squares, Abbassi & IceCube Collaboration 2012; Aartsen & IceCube
Collaboration 2016). The low frequency kHz emissions detected by Voyager 1 and Voyager 2
are plotted as blue asterisks. The three-dimensional positions of these emissions were found
to most likely be located upstream of the heliopause, according to triangulation arguments
applied to the measurements made with the two spacecraft in different locations (Gurnett
et al. 1993; Kurth & Gurnett 2003). The red bars show polarization data that have been
identified as arising from a dusty magnetic filament that is interacting with the heliosphere
(Frisch et al. 2015b,a). Some of the stars tracing this magnetic filament are located beyond
the 15 pc scope of this paper. The curved cyan-colored line shows the polarization band and
the green curved line shows the location of the ecliptic plane on this galactic projection.
C. Configuration of Cassini ENA Belt vs. Polarization Band
Cassini mapped global ENAs in the energy range 5.2–55 keV and found a “belt” config-
uration that is parallel to the galactic plane (Dialynas et al. 2017). The belt forms beyond
the heliopause and consists of ENAs created by charge-exchange between interstellar neutral
hydrogen atoms and the inner heliosheath 28–53 keV ion population measured by Voyager
1 and Voyager 2. Krimigis et al. (2009) and Dialynas et al. (2013) discuss the belt as a
great circle, tilted by about 30◦ with respect to the galactic plane and centered near ecliptic
coordinates of λ=190◦, β=15◦ (`=310◦, 72◦ in galactic coordinates). The Cassini ENA belt
is thick and irregular, and disappears at the lowest ecliptic latitudes (Dialynas et al. 2017)
where the mean polarization position angles tends to be parallel to sightlines (Figure 12.
The Cassini belt also roughly follows a circle of 77◦ radius, with an axis at `,b=110◦,−67◦
(ecliptic coordinates λ= 185◦, β=–7◦). The axes of these two different descriptions of the
Cassini belt are consistent to within 10◦. It is clear that the polarization band and the
Cassini belt do not share the same geometry because of their different tilts compared to the
galactic plane (23◦ and 30◦ respectively).
Surprisingly, the axis of the Cassini belt is within 6.2◦ of the heliocentric velocity of
the Cetus Ripple disturbance identified by (Gry & Jenkins 2014a). Heliocentric velocities
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are suitable for describing physical interactions that take place in the inertial frame of the
solar system. The fact that the Cassini belt has an axis near the Cetus Ripple heliocentric
velocity vector allows the possibility that the shock proposed by Gry and Jenkins to explain
the Cetus Ripple could also be influencing the heliosphere.
D. Distribution of Stars within 15 pc
The results reported here on the orientations of the interstellar magnetic field are not the
result of the distribution of the stars from which these conclusions are drawn. Figure 17 shows
the number of stars that are within 60◦ of each location Lrot, Brot and that have P/dP> 1.9.
The figure is in equatorial coordinates. The north/south pattern of the distribution of stars
is partly a reflection of the different times of the year for good observing conditions in the
northern versus southern hemisphere, and is unrelated to the magnetic structure traced by
these linear polarization data.
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Fig. 1.— The color scale displays values of the probabilities, Γ(Lrot,Brot), for measured po-
larization position angle, θPA, of the star HD 104304 to trace a magnetic field located at each
position on the sky, Lrot,Brot. The non-zero values of Γ(Lrot,Brot) create the probability swath
that will be sampled according to the probability constraints imposed on each calculation.
HD 104304 is 13 pc away and located at `,b=283◦,50◦. DIPOL-2 measurements determine
a polarization strengths of P=0.0033 ± 0.0006 percent. Γ(Lrot,Brot) is zero at the position
of the star because linear polarizations are parallel to the ISMF direction and can not be
measured where the ISMF is inclined by 90◦ with respect to the plane of the sky, so that the
interstellar linear polarization vanishes for a star located at the magnetic pole. These data
were acquired with DIPOL-2 mounted at T60 at the Haleakala Observatory. This figure and
other maps in this paper are displayed using an Aitoff projection.
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Fig. 2.— The probabity distribution Gn(θobs; θo, Po) (eqn. A1) is shown for an ISMF located
at the direction `=36.7◦,b=56.0◦, for polarization data of stars within 40 pc. This direction
corresponds to the weighted mean value of the IBEX ribbon center (Table 1). Data with
P/dP> 2.0 (< 2.0) are plotted with dots (X’s), respectively. The solid line indicates the
underlying statistical probability distribution given by Naghizadeh-Khouei & Clarke (1993,
and A1).
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Fig. 3.— Examples of the construction of magnetic structure maps. Polarization data with
values of θrot satisfying the probability criteria Γ(Lrot,Brot)>0.6 (left) or Γ(Lrot,Brot)>0.9
(right) for tracing an ISMF direction located within the cyan-colored boxes are counted and
mapped using the color-coding shown in the color-bar. Maps are centered on the galactic
center with longitude increasing toward the left. The cyan-colored box is centered on the
interstellar magnetic field direction affecting the IBEX ribbon configuration, `=26.0◦± 0.7◦,
b=50.1 ± 0.6◦, as found by the Zirnstein et al. (2016) ribbon-formation simulations. Each
measured polarization position angle creates a swath on the sky of magnetic field directions
consistent with observed position angles θPA±δθPA (see Figure 1). The black symbols indicate
the directions of the polarization position angles and their uncertainties. The triangular
uncertainties of the symbols illustrate the widths ±δθPA as plotted onto the Aitoff projection.
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Fig. 4.— Magnetic structure traced by polarization data within 15 pc are shown by counting
the number of polarization position angles that predict a “true” magnetic field directed
toward each position on the sky. The probability at each location, Γ(Lrot,Brot) is evaluated
for stars throughout the sky (αmax= 360
◦), and those with an ISMF located at θrot values
that satisfy Γ(Lrot,Brot)>Γmin=1.0 (top) or Γ(Lrot,Brot)>Γmin=1.5 (bottom) are included in
the counts plotted on the maps. The cyan-colored line corresponds to the polarization
band that has an axis toward `,b= 214◦, 67◦. The black angular symbols show polarization
position angles where P/dP> 1.9, while the squares show stars where P/dP< 1.9. The
letters “N”, “B”, “W”, and “A” indicate the directions of the heliosphere nose corresponding
to the inflowing interstellar wind direction, the magnetic field direction indicated by the
IBEX ribbon center, the upwind direction of the CLIC in the LSR, and the direction of the
solar apex motion. Raising the minimum probability Γmin used for selecting data included
in the map decreases the total numbers of counts in the map and alters the color scale.
Projections are centered on the galatic center (left) and anti-center (right), with galactic
longitude increasing from right to left for the Aitoff projections plotted in this paper.
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Fig. 5.— The relative numbers of stars with probability counting criteria
Γ(Lrot,Brot)>Γmin=1.00, and within 90
◦ of each grid point, are plotted. Plots are presented
in galactic (’G’), equatorial (’C’) and ecliptic (’E’) coordinate systems. Top left and right
figures are centered on galactic center and anti-center, respectively. Middle left and right
figures are centered on 0◦ and 180◦ right ascension. Bottom left and right figures are cen-
tered on ecliptic coordinates λ, β = 0◦, 0◦, left) and the heliosphere nose (λ, β = 255.6◦, 5.1◦,
right). Large white dots show the galactic poles. Other notations are as in Figure 4
.
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Fig. 6.— Maps of unnormalized (top left) and normalized counts (other figures) of data
where Γ(Lrot,Brot)<Γmax=0.63 that are within 60
◦ of each plotted location Lrot, Brot, using
data with Pol/dP≥ 1.9. Counts are normalized by the number of points within αmax=60◦
of each point. The bottom four maps display results with a logarithmic color scale (base
10), for projections in the galactic, ecliptic, and equatorial coordinate systems (‘G”, “E”,
and “C”). Supplementary data plotted include the kHz emissions discovered by Voyagers 1
and 2 (asterisks) and the filament star polarizations (bars). Concentric contours outline the
Loop I shell. The white ring in the nose-centered ecliptic projection (lower left) shows the
approximate region of high plasma pressures discovered by IBEX (centered near λ=249◦,
β=–20◦). The gap in the polarization band corresponds to both the center of Loop I and the
heliosheath high-pressure plasma region. Galactic cosmic ray small excess regions (IC59) are
shown in the lower right figure (cyan-colored squares, §6.9).
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Fig. 7.— The three figure pairs show magnetic structure for statistical constraints
Γ(Lrot,Brot)<Γmax=0.10 and angular sampling over intervals ±60◦ (αmax=60◦) around each
grid point. Numbers of statistically qualifying data points are normalized by the numbers of
geometrically qualifying data points at each location. Other features in figures are explained
in Figure 6.
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Fig. 8.— Same as Figure 7 except that the angular sampling is over intervals of αmax=45
◦.
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Fig. 9.— Gray-scale image showing the χ2 probabilities that the best 57 stars creating the
polarization band will trace a magnetic field at each location in the ecliptic, for a linear (left)
and a stereographic projection centered on the north ecliptic pole (right). The magnetic field
direction traced by the polarization band (red “X”) overlaps the north ecliptic pole (Table
1). Blue asterisks show the locations of the 57 stars, tracing magnetic field directions within
10◦ of the polarization band, used in this analysis. Red squares show the opposite poles of
the IBEX ribbon magnetic field. Red plus symbols indicate locations of the poles of the
dipole component of the magnetic field direction that is traced by the polarization band
stars. Red “Xs” show the heliosphere nose and it’s opposite direction. The locations of the
stars used to obtain these results are plotted with blue asterisks. The green diamonds, “X”
and cross show the heliosphere nose location as defined by the interstellar He◦ wind, the
warm breeze flowing into the heliosphere, and the ISMF direction found from polarization
data in Frisch et al. (2012). The red boxes indicates the ISMF direction from the IBEX
ribbon and its opposite.
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Fig. 10.— Results of a χ2 analysis of the best-fitting magnetic pole to the 13 filament
stars are plotted in a gray scale with contour values showing ∆χ2. The red contour shows
χ2 =2.3, within which the magnetic pole has a 68% of being located. The Figures are
plotted in ecliptic coordinates centered on λ,β=0◦,0◦ for a linear projection (left), and for
a stereo projection centered on the north pole (right). The low probability zones outlined
by χ2 =128.0, where filament stars show no evidence of tracing a magnetic field, are located
approximately downwind of the heliosphere nose. The red “X” symbols shows the opposite
locations of the two magnetic poles for the filament stars. See Figure 9 for explanation of
other symbols.
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Fig. 11.— Mean values of θrot at at each grid location Lrot, Brot are color-coded and plotted
based on smoothing radius of 45◦ (αmax=45◦). Figures in the left column are plotted on a
linear color scale and figures on the right column are plotted on a logarithmic color scale
(base 10). Maps are displayed in galactic coordinates centered on the galactic center (top),
anti-center (middle), and in ecliptic coordinates centered on 0◦ (bottom). See Figure 12 for
additional projections.
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Fig. 12.— Same as Figure 11 except that projections are given in nose-centered and tail-
centered ecliptic coordinates (left, top and middle), and equatorial coordinants centered on
RA=12H.
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Fig. 13.— The interstellar magnetic field direction Bism and the interstellar He
◦ velocity
Vism are offset from each other by 40
◦ and define the Bchm–Vchm plane that characterizes
the observed offsets between primary neutral interstellar populations and those that include
secondary neutrals created by charge-exchange between magnetically deflected ions and in-
terstellar neutrals. The thick red line shows the polarization band. The Bchm–Vchm plane
is shown for IBEX (thick black line and dashed lines) and Ulysses (pink line) He◦ veloci-
ties, and for the ISMF direction (star) obtained from MHD models of the ribbon (Zirnstein
et al. 2016). The energy-dependent centers of the IBEX ribbon (Funsten et al. 2013) are
shown with the set of five cross symbols, with lowest/highest ENA energies correspond to
the ribbon centers at the highest/lowest latitudes. The polarization band (thick red line) is
approximately parallel to the elongated configuration of the IBEX energy-dependent ribbon
centers. The warm secondary He◦ breeze (gray dot) and mixed primary and secondary Ho
population (from SOHO/SWAN data, open gray box) are offset along the Bchm–Vchm plane,
and away from the primary populations that anchor the Bchm–Vchm plane at the lowest lat-
itudes. The upwind directions of He◦ from IBEX (black circle) and Ulysses(pink dot), and
IBEX results for the interstellar Oo wind (orange and green dots) define the Bchm–Vchm band
at the lowest latitudes. The right figure is a zoomed version of the left figure. This figure is
adapted from Schwadron et al. (2015b) and Schwadron & McComas (2017).
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Fig. 14.— The probabilities Γ(Lrot,Brot) that stars within 90
◦ of the location Lrot=135◦,
Brot=5
◦ (λ,β=63◦,46◦, RA,DEC=42◦,65◦) trace an ISMF toward that location (ordinate)
are plotted against polarization position angles rotated to that location, θrot (abscissa).
Values of θrot for this set of stars are shown as dots. The solid (dashed) curves show the
theoretical probability distributions for P/dP=1.9 (2.3) based on eqn. A1. Probability
values 0.10, 0.63, and 1.0 are plotted with dotted horizontal lines as an illustration of the
effect of Γmin (or Γmax) on the selection of plotted data. The vertical dashed lines show
the intersections of these probability values with the probability distributions. For example,
stars with Γ(Lrot,Brot)>Γmin=0.63 would tend to trace magnetic field directions that are
within 19◦ of the sightline, although the detailed cutoff angle depends on P/dP . Stars with
Γ(Lrot,Brot)<Γmax=0.1 will tend to trace magnetic field directions with angles that are larger
than 37◦ with respect to the sightlines, or alternatively within 53◦ of the plane of the sky.
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Fig. 15.— The subset of the overlapping polarization position angle swaths that fall within
±10◦ of the polarization band great circle (§3.1) are plotted. The polarization band was
defined by the great circle that is 90◦ from an axis located at `=214◦, b=67◦ (§3.1) and is
created by enhanced numbers of overlapping polarization position angle swaths compared
to adjacent regions. The triangular symbols show the locations and polarizations of all
stars with polarization position angles that trace a magnetic field location within 10◦ of the
polarization band great circle. The highest quality subset of data that trace the polarization
band are used for the least-square fits to the magnetic dipole component (§4.1). The pink
dot shows the location of this best-fitting magnetic field direction, which is located close to
the north ecliptic pole.
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Fig. 16.— The supplementary data discussed in the main text are plotted in galactic coor-
dinates and centered on the center of the galaxy. Phenomena displayed in this figure include
the region of high heliosheath pressure found by IBEX (approximated with a gray circle,
based on McComas & Schwadron 2014), the LIC (dotted line), polarization band (cyan-
colored curved line), ecliptic plane (curved green line), BICEP2 region (compact structure
with blue curved lines), and outlines of the more distant regions of the Loop I shell (semi-
concentric red lines, from Santos et al. 2011). Blue squares show locations of IC59 small
scale cosmic ray sources. The blue asterisks show locations of the Voyager 1, 2 low frequency
emission events. The red bars show the polarizations of a filament of interstellar dust grains
draped over the heliosphere. See the text for more information.
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Fig. 17.— The distributions of stars used in this study are shown in equatorial coordinates,
with zero degrees RA at the figure right. The figure shows counts of the number of stars
within 60◦ of each grid point Lrot, Brot for stars with P/dP>1.9. The target star group-
ing shows that the magnetic structure identified in this paper is unrelated to the spatial
distribution of the target stars.
